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ABSTRACT
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IN COMPONENT DESIGN, WHERE REQUIRED, TO SATISFY PERFORMANCE REQUIRE-
MENTS OF S-11 DERIVATIVE VEHICLES.
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FOREWORD
This report documents the work performed by North American Rockwell
Corporation through its Space Division in fulfillrent of a Task Authoriza-
tion entitled, "Measurement Camponent Techrology,” sponsored by the
Mational Aeronautics and Space Administration's George C. Marshall Scace
Flight Center, Huntsville, Alabama, under contract NAS7-200 in accordance
with Task Authorization 2026=TA~36. The work was performed by members of the
Electrical and Electronics Systems branch of the Space Systems and Appli~
cations Division during the period July 12, 1971 through October 13, 1972.

NASA technical monitors were Messrs T. Escue, SLE-AS
and R, C. Holder, SSE-ASTR-IMP, J. F. Hamlet, S&E-ASTR-IFF ard J. E. Zimmerman,
S€~E~ASTR-D~'!I'.

The report consists of three wolumes, of which this is Volume I. Volume
murbers, document mumbers and volume titles are listed below.

Volume I -~ Cryogenic Pressure Measurement Technology and Subjects
Allied to Pressure Transducers. Document Number
SD72~-SA-0156-1.

Volune II <~ Liquid Detection Measurement Technology and Cryogenic
Flow Measurement Technology. Document Number
SD72~-SA~0156-2.

Volume III - Cryogenic Temperature Measurement Technology and High

Temperature Strain Gage Technology. Document
Nurbex SD72-8A-0156-3.

"
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DEFINITION OF TERMS AND ABBREVIATIONS

Liquid oxygen

Liquid hydrogen

Samples per second

Full scale cutput

Full scale

Full range

Refers to a transducer where the sensor

and its associated electronics are con-
tained in two separate rodules
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1.0 INTROOOCTION

hs spac2 missions becore more camplex and more demandirg, the requirements on
measurencnts arow rore and more difficult. Constant improverents in measure-
rent techrniques and accuracy are being sought by resign enginesrs for a more
accurate evaluation of system performances. Lver iuwreasing sewerity 1n
operating envircnments requires a cuntinued search for new designs and
techniques.

Greater reliability of equipment is required as space missions grow rmore
carplex. Lower carponent weight, smaller size and lower electrical power
consumption are sought as mission duraticn grows longer. All of chese factors
and many move require that measurement capabilities be upgraded to ireet these
© rew demands. The purpose of this study is to satisfy same aspects of this
reed with an irvestigation into measurement corponent technology. ;
S=I11 derivative systems, including the Space Tug, Orbiting Propellant Depot
{OPD) , Expenviable Seccnd Stage (ESS), and Chemical Interorbital Shuttle (c1s)
irmpose many new performance requirements on measurement carmuonents not
currently required by the 5-II stage or the Sawurn V vehicle.

Higher measurement accuracy, lang term operation in high and low temperature
environments, repeated operations in relatively high vibration environments,
long term shelf life and repeated reuses are same of the nore wportant per=
formance requirements. Light weight, small package size, simplified wiring
requirements, low electrical power, and simplified maintenance procedures
are other desirable characteristics for future space venicles.

This program investigated the availability and performance capability of
specific measurament camponents in the area of cryogenic temperature, pres-
sure, flow and liquid detection components and high temperature strain gages.
The study conducted a systematic survey of manufacturers to establish
performance and physical characteristics of current designs. In cases

vhere current state-of-the-art equipment camrwt meet performance requirements
for future space missions, the design shortcomings are identifiea and recom-
merdatic 18 for improvements, where available, were presented and discussed.
The study evaluated published information and supplier furnished data and
discussed sore advantages and disadvantages for given designs. Measurement
system application design considerations were investigated and discussed

in the report where these considerations were an important part of the
measurement. The results of the investigation were intended to provide a
useful reference source for design and carponent informaticn for the
selocotion and application of the measurement transducers of this investi-
gation.

In addition, specific technical topics allied to the measurement type or
conponents were researched and are discussed in this report. I[tems selected
for investigation as part of this study were selected for the problem nature
of the item or for the technical value of the researched infcrmation as a
reference source for new desiqns. Selected areas for investigation were

(1) high pressure flange seals, and (2) hydrogen embrittlement of pressure

“1- s072-8M-0156-1
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transducer materials. Other topics which involve application were (1) the
erffects of close~coupled versus remote transducer installation on pressure
measurements, (2) temperature transducer configuration effects on measure-
ments, and (3) techniques in temperatwre corpensation of close-coupled strain
gage pressure transducers. :

These specific measurement component capabilities and technical topics are
contained in three volumes. Volume I contains Cryogenic Pressure Measurement
Techrology, Figh Pressure Flange Seals, Hydrogen Embrittlement of Pressure
Transducer Materials, the Effect of Close-Coupled Versus Remote Transducer
Installations on Pressure Measurements, and Technigques in Temperature Com-
pensation of Strain Gage Pressure Transducers. Voluwe II consists of

- Cryogenic Flow Measurement Technology and Cryogenic Liquid Detection
Measurement Technology. Volume III suimarizes Cryugenic Terperature
Measurement Technology and High Temperature Strain Gage Techrology.

GRYOGENIC PRESSURE MEASUREMENT TECHNOLOGY ¢

The investigation into cryogenic pressure (-ansducer techrnolegy was made by
conducting a swmvey of manufacturers to establish transducer capability of
currently available equipment., The requirement established for the search
was to locate an instrument capable of operating with liquid oxygen or
liquid hydrogen systems of a space vehicle while rmaintaining temperature
sensitivity errors within 2 percent of full scale.

Since the investigation did not result in meeting this design goal, a litera-
ture research was conducted to identify problem areas which contribute to
this transducer performance limitation,

This report presents the results of the industrial survey and the literature
research.

HIGH PRESSURE FLANGE SEALS

Consideration of a high pressure (5000 pei) transducer for applications whose
design concept utilized flanged mounting precipitated this investigation. The
research work primarily addresses itself to the search for a retallic seal

to attain optimum sealing for low temperature, high pressure systems. The
investigation relied principally upon published literature as the sauwe for
information.

HYDROGEN EMBRITTLEMENT OF PRESSURE TRANSDUCER MATERIALS

The hydrogen embrittlement investigation utilized published literature for
obtaining information on the susceptibility of transducer materials to the
embrittlement problem. The investigation emghasized the practical approach

by categarizing transducer metals with respect to embrittlement susceptibility.
The investigation did not deal with the atomic structure or metallurgical
aspects of metals.
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PRESSURE. MEASUREMENTS

A technical discussion on the effects of close-coupled versus remote trans-
ducer installation effects cfi measurement accuracy was presented in this
report for reference information to transducer users. The discussion in the
report was based on information derived fram Saturn S~II flicht tests and
laboratory work performed in conjunctiaon with investigations into the Saturn
S-1I low frequency oscillation phenamenon., Data distortion due to line length
is ‘illustrated and corvective methods are delineated.

TEGNIQUES IN TEMPERATURE CCMPENSATION CF STRAIN GAGE PRESSURE TRANSDUCERS

. Another topic presented in the report is based on investigations of tempera=- -

ture sensitivity problems of strain gage pressure transducers. Since the
Saturn S-I1 low frequency oscillation phenamenon resulted in utilizing close=
coupled strain gage transducers on the LOX feedlines of engine 1 and 5, an
investigation was made to establish techniques available for compensation of
temperature sensitivity errors. This information is provided in this report
as reference material.

CRYOGENIC MASS FLOW MEASUREMENT TECHNOLOGY

The flow investigation researched current techrology for systems capable of
cryogenic temperature flow measwrements. Manufacturers were contacted for
information on their product line of flowmmeters which indicated promise of
meeting an application requiring a mass gas flowmeter.

A hypothetical case for a cryocgenic temperature gas flow measurement was
established for the purpose of assessing whether any of the candidate systemsg
wauld be acceptable for this case. The report provides the technical dig=
cussions resulting from this evaluation as well as descnpums of indi-
vidual manufacturers systems,

CRYOGENIC LIQUID DETECTION MEASUREMENT TECHNOLOGY

The cryogenic liquid detection technology portion of this study was limited
to an industrial survey. Manufacturers of positive and iow gravity detection
systems were contacted ard their equiprent and, in sane cases, experimental
concepts, are presented. The report describes each system including theory
of operaum. accuracy, stability, power requirements, and the gravn'.aucnal
environment in which the system is designed to perform.,

CRYOGENIC TEMPERATURE MEASUREMENT TECHNOLOGY

The investigation into cryogenic temperature transducer technology was made

by conducting a survey of manufacturers to establish the capability of cur-
rently available equipment to meet cryogenic system requircments. In con-
junction with this survey, a literature search was conducted to identify

new developments in temperature measuring techniques. The methods of tempera-
ture measuring discussed are resistance temperature transcducers mxie from
different metals as scnsing elements, thermistors, and thermocouples. Also
included is a discussion of measuring bridges used to determine the resistance
of the temperature probe.

-3 SD72-6A-0156-1
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HIGH TEMPERATURE STRAIN GAGE TECHNOLOGY

Although strain measuring techniques have progressed rapidly since the !
development of the first strain gage, the requircrents for their use have
advarced much faster.” This is especially &rue for obtaining flight locad
measurements on high speed wehicles operating in the earth’s atmosphere.

The aerodyrnamic heat associated with this high speed flight can be a major
cause cf strain gage error. Terperatures up to 1800 F are anticipated on
the aerodynamic surfaces of a mach 6 vehicle operating at 90,000 feet.
Strain gage cutput due to thermal stresses at these high temperatures can
preduce load measurement errors greater than those due to gage performance
characteristics. To cbtain accurate flight load measurements these errors
" must be eliminated in the strain gage design.

The purpose of this section of the campanents technology report is to review

various strain sensing devices and evaluate their perfarmance in a 15C0 F
to 2000 F thermal envircmment.

-4~ SD72-SA-0156-1
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2.0 SUMMARY

The following is a brief review of the significant facts containzd in the
body of the three volume text. The suwary is contained in each of the three
volures in order that the reader might have sufficient information to evaluate
his need to review each volume's text in detail.

Volume I contains the following topics: Cryogenis Pressure Transducer Tech-
nology, High Pressure Flarge Seals, Hydrogen Embrittlement of Transducer
Materials, the Effect of Close~Ccupled Versus Remote Transducer Installations
on Pressure Transducers, and Techniques in Temperature Ommnsaum of Strain
Gage Pressure.

Volume II contains the following topics: Cryogenic Mass Flow Measurement
Technology and Cryogenic Liquid Detection Technology. ;

Volume III contains two topics: Cryogenic Temperature Measurement Technology
and High Temperature Strain Gage Technology.

CRYOGENIC PRESSURE TRANSDUCER TECHNOLOGY

Pressure measurements for space vehicle cryogenic systems such as for liquid
oxygen and liquid hydrogen tanks, transfer lines and engine systems, have
always presented a special challenge to instrumentation engineers and measure-
ment users alike. These cryogenic licuids, especially liquid hydrogen, possess
many properties which pose problems for designers. Primarily, these problems
are associated with low temperature environments and with the highly volatile
nature of the liquid. The most cammon approach to measuring presswure in these
systems is to connect the pressure transducer away from the extreme low tem—
perature envircrment by connecting the transducer to the sense port by a
length of sense line which provides a thermal buffer for the transducer.

This technique is satisfactory for only steady-state or slowly changing
measurements. Faor oscillating or fast changirg pressure systems the vola~
tility of the liquid creates thermal dynamic oscillations and the sense line
reduces frequency response both of which reduce measurement fidelity markedly.

This investigation was performed to research currently available designs
which could be utilized for space vehicle applications in cryogenic systems
to an accuracy of 2 percent excluding other environmental error scurces.

Inquiries made to approximately 50 mamufarturers resulted in seven favorable
responses from suppliers indicating the availability of transducers operable
with cryogenic systems of liquid oxygen or liquid hydmgen. Manufacturers
responding favorably to the survey were:

Manufacturer Transducer Type

Bell & lbwell/CataolJ.dated Electrodynamics Unbonded Strain Gage
Boans Inc. Potenticmeter
Dynasciences Corparation . Bonded Strain Gage

- Genisco Technology Corp. Bonded Strain Gage

. Kistler Instrument Corp. Piezoelectric

MB Electronics Bordded Strain Gage
Stalham Instruments Inc. Deposited Strain Gage

-5- SD72-5A-0156~1
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A nurber of other manufacturers are known to have developed pressure trans-
ducers operable in cryogenic systems but these designs are available on
special crder only and thus were not included in this study primarily due to
the lack of descriptive informatiaon on the instruments,

This investigation concluded that for the many application conditions of

a space wvehicle, nune of the candidate instruments could reet the design
goal of 2 percent terperature sensitivity error. Based on this conclusicen,
problems contributing to temperature sensitivity were investigated through
research of published documents. ’

The single most important error scurce for instrments found by the researchers
ig the difference in temperature conditions between instrument calibration

. and the using temmperature environment. Normally transducers are calibrated
under a steady state, uniform temperature environment, usually at the .
liquid nitrogen temperatures. In fieid applications terperature gradients
occur between the front face of the transducer to the aft end of the
instnment. For transducers with temperature carpensation provisions such

as the strain gage designs, the compensation thermistors and resistors are
located in the aft end of the instrument. This design alcne contributes to

a significant error found by one researcher to be as much as 100 percent FS
for transducers that indicated less than 6 percent FS shift in standard steady
state temperature tests.

A definite improvement in low temperature performance can be achieved on the
part of instrument users by providing installation designs which minimize
thermal gradients, such as by insulating the transducer, and by calibrating
instruments under conditions of usage as closely as possible.

The conclusion of this investigaticn is that for applications requiring good
tenperatire compensation, small size, low heat capacity and high frequency
response with the capability of measuring both steady state and dynamic
responses a new transducer design is requirsd. Based on the information
provided by researchers same design features known to provide desirable
performance characteristics are: f£lush diaphragm design with diaphragm
machines integral with the case, small case size with short body length
and low thermal mass, strain gage design with gages mechanically coupled
to the diaphragm in an unbonded configuration, terperature compensation
circuitry located in the same thermal envircnment as the strain gages and
transducer installation provisions which facilitate insulation provisions
to minimize thcrmal gradients.

HIGH PRESSURE FLANGE SEALS

This investigation primarily addresses itself to the search far a metallic
seal for cryogenic temperature and up to 5000 psig presswre applications.

The leakage rate for a seal depends on fluid properties, surface topography,

pressure differential, hardness of the sealing material, and sealing contact
stress.

-6-  SD72-5A-0156-1
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The most important design considerations are pressure, temperature range,
and tyre of fluid sealed. These parameters determine the bolt size, flange
thickness, and materials. -

Leakage is the most important criterion and most difficult to predict without
tests. Many metal seals are capable of achieving leakage rates belcw measurable
levels; however, the penalty in flange loading, extremely smooth finishes or
loss of recovery, may be prohibitive. For extremely low leakaqe rates (less
than 108 scc/sec), an all-metal seal is usually required.

Seating load is an important parameter in flanged comnections. The lower it

ig, the smaller the required flanges and bolting. Seating lcad is normally

expressed in pourds per inch (lb/in) of seal circumference and may range from
. 100 to 500 1b/in, depending on the design.

Contact stress at the sealing interface partially determines leakage rate and
is a function of seating load and contact area. The pressure differential
across the interface, if high enough, may add or subtract significantly fram
the initial contact stress.

Metal seals capable of very low leakage rates must plastically deform at the
sealing interface. With subsequent installations, the seal coating must
try to conform to a new set of peaks and valleys ard intimacy of interface
is consequently reduced.

Pressure compensation, sometimes called pressure energizaticn, pressure actua-~
tion, or pressure assistance, is the beneficial effect of pressure upon the
seal contact. The geametry of many seals is such that fluid pressure augments
the contact stress, thus tending to overcome the increased possibility of
leakage due to the pressure. The pressure effect is negligible except at
high pressures - 1000 psi or more.

Cavity recquirements of the seal must provide for correct (limited) deflection
of the seal, location of the seal, structural support for high pressure, and
proper surface finish. -

The choice of seal materials is usually determined by the operating temperature,
although corrosion resistance, fluid compatibility, and radiation effects may
also be major considerations. Most metal seals contain two materials, a
resilient, basic-shape metal and a soft opating.

. The coating material is usually a pure metal (silver, gold, nickel, or copper)
or a plastic dispersion ooating such as Teflon. Coating materials are chosen
on the basis of softness, corrosion resistance, temperature resistance, and
cost., Silver is used in the majority of low and high temperature applications
and is one of the least costly.

Resilient metal seals cambine the efficiency of elastomeric O-rings with the
extended temperature capability of metal gaskets. The basic structural element
is usually a high-strength metal, and a soft coating of metal or plastic pro—
vides the actual sealing. Like O-rings, these seals are self-energizing, have

amall cross sections, require light closing forces, are often reusable, and

-7 | SD72-SA~0156-1
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have irdefinite life. Unlike O-rings, however, they are relativel expensive
and availability is scmewhat limited.' ! Y ’

Resilient metal seals can be considered as the most pramising for achieving
seal integrity for high pressure and cryogenic environments., A parallel
loaded joint with a groove type seal installation should provide the optimum
joint configuration,

HYDROGEN EMBRITTLEMENT OF TRANSDUCER MATERIALS

The research work performed within the irdustry on hydrogen embrittlement of
metals has not resulted in a clear definition of accepted stardards. Because
of this fact, no precise conclusions can be reached on the extent of hydrogen
erbrittlanent as a problem for instrumentation systems. Primarily, this
uncertainty results from the fact that most testing has been accamplished at
10,000 psi and pressures for liquid or gaseous hydrogen systems on Saturn
S-I1 type wvehicles are 100 psi to 1000 psi.

Generally, it is concluded that no problems exist for materials most often

used for transducer construction. This conclusion is based .on the es—erimental
findings that embrittlement susceptibility increases with increasing tempera-
ture above roam temperature ard ir~reasing pressure. Below roam temperature
embrittlement susceptibility decreuses with decreasing temperature. Hydrogen
has little effect on metals below a temperature of -321 F. From the stand=-
point of instrumentation systems, this is favorable since the majority of
measurements in hydrogen systems are made at low temperature and pressures.

The report summarizes the degree of susceptibility for various metals where
data are available.

THE EFFECT OF CLOSE OQUPLED VS. REMOTE TRANSDUCER INSTALLATIONS ON PRESSURE
MEASUREMENTS '

The measurement of frequency over a line length of constant diameter to which
is attached a sensing transducer varies as the fundamental (fd) frequency.

If the media transmitting the frequency 1s a gas, then the frequency is
limited by the line length ard the acoustic velocity. The exception to this
is a situation in which the volume of the transducer cavity measuring the
_pressure pulse is large relative to the volume of the line. This case is
called a Felmholtz reasonator and it will produce an attenuation of approxi-
mately 40% over the previously noted furdamental frequency for the equivalent
line length.

If frequency of pulsations of a liquid over a line is required and if the
liquid is a cryogenic, a multitude of problems arise. Pressure pulses of
large amplitude will produce complete distortion of phase, frequency, ampli-
tude and signature. Small prrassure pulsations will allow the passage of
phase and amplitude data within the fundamental frequency range but amplitude.
and signature cannot be considered correct. The turbulence produced by the
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pressure pulsations forces the liguid down a gas filled line where it expands
due to the sudden temperature gradlent. The resultant change in romentum of
the mass of cryogenic liquid in motion and the volume change produces an
overall distorticon ¢f the ocutput.

The accurate measurement of fidelity of a cryogenic liquid can only be
cbtained by using either a close coupled or flush mounted iransducer. The
ideal installation is that of mounting a pressure transducer diaphragm
directly against the media to be measured. If this is not possible then
the sensor can be boss mounted off a fitting. Care must be taken in the
last instance in that a short run from the liquid to the sensor diaphragm
might form a Helmholtz reascnator.

TECHNIQUES IN TEMPERATURE COMPENSATION OF STRAIN GAGE PRESSURE

The classic techniques for campensation of pressure transducers to temperatuce
sensitivity is to select materials with desirable performance characteristics
ard to apply compensating resistors and thermistors to the bridge circuitrv.
These techniques campensate for zero shift and sensitivity changes.

Manufacturers can further improve transducer performance by locating the
resistors ard thermistors in the same thermal enviromment as the temperature
sensitive member. Instrument users can insulate instruments to stabilize
terperature ard can apply corrections to calibration curves ‘for zero shifts
determined from a reference pressure test.

CRYCGENIC MASS FLOW MEASUREMENT TECHNOLOGY

The cbject of the cryogenic flow study was to establish the state-of~-the~art
ard to recommend either a specific flow system or if that was not possible,
to establish a direction for future develogment.

The measurement of cryogenic mass gas flow deperds upon the determination
of several variables. If the measurement is made either infereatially or
directly, a compensation of variables must be taken into consideration.
Dengity is always common to an inferentially mass measurement with either
a wlocity or velocity squared measurement required. Since density itself
can be a function of pressure, temperature, torque or damping ratio an
inferential measurement of flow can consist of a great deal of variables;
same of which can cover a large range. In the direct measurement of mass
flow the output can be a measurement of linear or angular mamentim or

heat transfer. Although the output can be a single variable the mechanism
required to generate the output can be extremely camplex and limited in range.
In addition to the above noted problems, there are a number of material,
installation and design problams that also must be solved.

The initial 62 manufacturers reviewed were reduced to 16 candidate systems.
Ihesecandldatesystetsconszstedofsxxtmemssﬂmrecersand

eleven inferential mass mater systems. In addition to manufacturers of
flowmeters, such associated problams as facility calibration and previous
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data were reviewed. After analyzing all cardidate systems, previously run

test data, test facilities and the Mational Bureau of Standards at Boulder,

it was concluded that no flowmeter had a proven history of meeting the require-
ments. Two system types looked pramising -~ the turbine-capacitance densi-
tometer inferentidl meter and the heat transfer mass mamentum meter. Of

these two systems, only the inferential turbine candidate had same data at

a crycgenic qas temperature and hence is the recommended choice.

CRYCGENIC LIQUID DETECTION TECHNOLOGY

This section covered twelve propellant gaging systems offered by nine manu-
facturers. Five of the systems are applicable to positive g applications ard
seven are applicable to both positive and zero g usage. These systems can

be further categerized into five basic operating principles. These are point
sensor, capacitance probe, radio frequency, infrasonic, and nucleonic systems.
Point sensors and capacitance probes are only useful in positive g envirorments.
The infrasonic and nucleonic systems are applicaple in zero g envirorments,
however, both designs are still in the develoarent stage and at this time
impose a high weight penalty to obtain good accuracy.

The use of the more standard coaxial cylinder capacitance sensor system for
ocontinuous gaging of propellants is not practical due to the capillary rise
that occurs at low gravity conditions. The capillary rise for LH2 and LOX
is on the order of 40 and 20 inches respectively for capacitance sensors
similar to those used in the Saturn S-II stage.

Sirce future space vehicles operate under both 2ero g and positive g environ-
ments, no single concept of propellant gaging provides the desired -accuracy
under both conditions. The results of the study indicate that the radio
frequency system is best fer propellant menitoring during zero gravity periods
when propellant tanks are less than half full. During pericds of positive g
the discrete level sensing system offers the best accuracy especially during
propellant loading and for monitoring the liquid level with tanks full.

The best design compramise agpears to be a system utilizirg both the RF
system and discrete level sensors for all phases'of the -ehicle operation.

CRYOGENIC TEMPERATURE MEASUREMENT TECHNOLOGY

Commercial cryogenic thermameters are available which are capable, under
carefully controlled conditicns, of precisions greater than + 0.05 K. However,
such precision can only be obtained under static or quiescent conditions.

When thermometers are required to respond to rapid temperature fluctuations
such as occur in the conldown of propellant lines, the indicated temperature
may depart significantly from the"true" temperature. The loss in validity

of the measurement does rot reflect a degradation in accuracy of the
temperature sensor, but rather irdicates that the tamperature of the sensor

is not at all times the same as the surrourdings.

The terms "accuracy” and "reproducibility" require same explanation pertaining
to temperature transducers. Accuracy is the significance with which the
thermometer can indicate the absolute thermodynamic tomperature. This uncludes
errors of calibration as well as errors due to monreproducibility. Reproduci=
bility is the variability observed in repeating a given mpasurement using
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different thermameters of the same type. Changes produced by thermal cycling
of the thermameter to and fram ambient are also included in this
parameter., *

Temperature sensor materials can be divided into three categaries: pure metals,
ncn-retals, and thermoelectric devices called thermoccuples. wWhile there exist
a number of pure metals that are more or less suitable for resistance thermo-
metry, platinum, primarily because of many favorable characteristics, has
became predominant as a temperature measuring elament. Desirable features

such as ready availability in high purity and extensive knowledge about
platinum’s behavior down to 20 K have tended to perpetuate its use, Its
principal disadvantages are low resistivity and insensitivity below about 10 K.

Copper, nickel ard tungsten have also been exploited as temperature sensing
elements. Copper is inexpensive and has a very linear tanperature/resistaice
relationship. Copper has poorer stability and reproducibility than platinum
and its low resistivity is urdesirable when a high resistance element is
required for temperature measurements below 100 K. Nickel is widely used over
the temperature range of 170 K to 3575 K; however, this report was primarilvy
cancerned with temperatures below 100 K and at this temperature, very little
work has been done with nickel. Tungsten sensors are less stable than other
rmetal sensors because full annealing is impractical. At low temperatures the
percentage change in resistance per degree is much less than platimm,
Tungsten's great mechanical strength allows extremely fine wires resulting

in convenience for manufacturing sensors having high resistance values,

but this is not important unless the probe resistance must be larger than

S or 6 thousand .chms.

ten-metals such as samiconductors, carbon resistors, and thermistors are used
as temperature sensing devices in the laboratory with same advantages over
pure metals., The greater disadvantages for their usage on a space wehicle
within the temperature range of 20 to 100 K tend to discount them as a serious
consideration unless further development and knowledge i$ pursued.

Germanium semiconductors are available fram several commercial sources. The .
sensing element is a small sirgle crystal with high resistivity. The resistance/
temperature relationship is very complex and requires many calibration points
when used over a wide temerature range. The reproducibility is poor and

thermal cycling cause’ - » drift to occur. This affects their interchange-
ability drastically.

Carbon resistors have been used as temperature sénsors at extreomely low
terperatures., Carbon has a high sensitivity in the temperature range of 0.1 K
to about 20 K; however, above 20 K the dR/AT is very unstable.

. Thermistors are inexpensive and very sensitive to temperature. They are small
in size and have a high resistivity. Themmistors have a nonlinear R-T re-
laticnship and poor stability. Because of the nonlinearity, numercus cali-
bration points are required. A single thermistor is generally un;uited for
wide temperature spans because its resistance goes fram values whxch.-a.re S0
high to be inconvenient to values which are too low to be measured with con-
ventional signal conditioning equipment. Several themmistors must be used

to cover a wide temperature span. -
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Thermocouples in comparison with other tomperature sensors have certain advan-
tages. . The temperature sensitivity span can be small, and is rore flexible
for installation. The thermoooupls is a device of orrparatively low cost,
high accuracy, wide reasurement range, fast therral resuvonse, ruqggedness,

ardl reliabrlity. Sae of the more obvicus disadvantiages are the very low
output voltage requiring more complex ard costly signal conditioning equip~
mant, and the h@mgeneity of the materials used to nanufacture thermocouples
is such that interchangeability without camslete recalibration is impractical.

After an objective analysis of the different rethods of temper=ture measurement
in the 20 to 100 K range, the wire wound metal, especially plat.um, is best
suited for measurements where high accuracy ard stabilicy is required. The
thermistor is best for point reasurements and the thermocouple best for high
temperatures or for rough indication of temperatures.

Rasistance bridges are used as a comparison device for measuwring precise
resistance ratio relative to temperature change of a platinum thermumeter.

In making comparison resiscance measurements for attainment of a hign degree

of precision, of the order of 1.0 PPM, the followingy design considerations
should be evaluated when selecting a particular bridge design: effects of lead
resistance, thermcelectric emf's, self-heating, reactance, bridge linearity,
noise, interaction, bridge sensitivity, and accuracy.

From the numerous available bridge designs, a designer has to determine as to
which of the bridge designs is most suitable for use for a particular design
application., Therefore, in order to establish a methodical design approach,
these numerous bridges zre described in its basic form as either a full or
half bridge. These basic bridges are then evaluated for its advantages and
disadvantages based on applicable design consideraticns. In the process of
evaluation, these basic bridges are reconfigured for use as either symmetric
or asymmetric configuration and as a low level or high level bridge output
based on the importance of a particular design consideration. A table
depicting the advantages and. disadvantages' relative to the various design
considerations has been prepared to provide direction in the design approach.

Lead resistance is widely accepted as a major problem in a temperature measure-
ment system design. Because of this problem, numerous bridges such as Mueller,
Smith, Seimens and numerous others have been developed since 1871. Each bridge
has merits in leadwire resistance compensation, and therefore each is dis-
cussed in this report. Variations used in these bridges can then be adapted
to the basic bridce selected for the best lead resistance compensation.

HIGH TEMPERATURE STRAIN GAGE TECHNOLOGY

The objective of this section of the components technology report was to review
current strain sensing devices and evaluate their performance in a 1500 F to
2000 F airborne thermal environment. The evaluation concists of camparing

gage principles of cperation, gage materials, gage attach methods, installation
techniques, performance characteristics and gage availability.

-12 - SD72-SA~0156~1



@‘{; Space Division
’ é North Amerw.an Rockwell

A literature survey was conducted which resu;.bed in the selection of three
strain sensing devices for evaluation:

a. Electrical resistance strain gage

b. Electrical capacitance strain gage

c. Thermal-null strain sensor

The resistance strain gage operates on the principle that when a load 1s
ar.lied on any material, that material will expand or antract causing
strain within the material. If a grid of wire 15 bonded to the rmaterial,
it will stretch or be strained oxactly as tne surface of the test marerial
is strained. This stretching amd carpressmg of the grid wire causes a,
change in the electrical resistance of the wire wmch is properticnal o
the strain in the test member.

re of the major contributors to ervors in high terperature strain gage
applications is the effects of apparent strain.., In a resistance gage,
apparent strain causes a change in resistance of a mounted gage due to a
change in terperature without an applied lcoad on the test specimen. In an
effort to reduce this apparent strain error, temperature ocampensaticn is
included in the gage designs.

Many resistance gage alloys have been tested in an effort to u:tend the

wper temperature limits., Most alloys exhibit a solid solution ghase charge
elow 1200 F.  This phase change causes an anomal’ in the resistance vs,.
terperature curve and yields an unsatisfactory alloy for high temperature
strain gage usage. Platinun-tungsten alloys are currently .ne best available
for high terperature resistance strain gages.

Attachment of high temperature resistance strain gages can he accomplished |
I» using ceramic cement, aluminum oxide flarme spray or by welding. The method

_used depends upon the material of the test specimen.

There are many resistance gages on the market today. However, only a relative
fow advertise the capability of operating at 1500 F and none at 2000 F,

sSince 1968, Hugnes Alrcraft, and Wright Patterson Air Force Flight Dynamics
Laboratory have coordinated on the develomment of a hugh terperature capa-
Citance strain gage. This gage operates cn the principle that variations in
the gage dirensions caused by strain in the test specimen will change the
capacitance of the gage. This change in capacitance 1s then directly pro-
rorticnal to the strain in the rest specimen. The confiquration selected
for- the capacitance gage was a parallel plate gage mounted in a rhambic
fram:, The gage consisted of a capacitance waffer containing stainless
steel plates with mica dielectric insulator. mounted in a stainless steel
mabic stress frame.

-13-  SD72-SA-0156-1




3.0 CRYOGENIC PRESSUKE MEASUREMENT TECHNOLOGY

Pressure measuraments associated with cryogenic systems have most frequently
keen made by locating the transducer away from the severe low tenperature
environment. In more recent applications, the practice has changed so that
transducers are installed directly in the sense port for greater measurament
fidelity. This trend has been brought about by the changing requirements for
more precise analysis of system performances especially urdier transient press-
ure conditions such as for rocket engine performance during engine startup and
shutdown and during oscillating conditions resulting fram combustion insta=-
bility or vibratory interactions. In other vehicle system areas, greater
irprovanent in measurement accuracy is required for measuring launch critical

pressures for reducing uncertainties in the launch decision.

This trend tcward directly installing the transducer into pressure sense ports
of the cryocgenic system has created a temperature sensitivity prchblem for
transducer manufacturers and users alike. In an attempt to keep measurement
system error within generally acceptable limits of five porcent of full

scale or less, instmmentation engineers are ccnstantly in search for a trans—
ducer capable of satisfactory cperation in the cryogenic environment. This
study is an attempt to satisfy this need with an investigation into currently -
available pressure transducer designs.

3.1 TRAWSDUCER REQUIREMENTS

The objective of this investigation is to locate a pressure transducer capa-
ble of use with liquid oxygen or liquid hydrogen systems. The principle goal
of this investigation is to locate a transducer that is capable of operating
under the low temperature and fluid corditions of cryogenic systems with a
temperature sensitivity error no greater than two percent full scale. The
transducer shall also possess performance and eavircnmental characteristics
specified in later sections of the report; however, the principle require-
ment shall be with respect to temperature sensitivity. = In previous applica-
tions, temperature sensitivity errors and measurement errors due to the vola-
tility of the cryogen have been the prime reasons for large errors in making
these measurements. The value of two percent full scale has been selected to
maintain a measurement system error within the camonly accepted limit of
five percent full scale.

3.2 MEASUREMENT DESCRIPTIQNS

Cryogenic liquid pressure measurements present an especially difficult prob-
lem due to the extremely volatile nature of the measurand. Unless transducers
are carefully instrumented to awid a hiphase condition, the accurate meas-
urement of pressure under an cscillating or fluctuating state becames diffi-
cult due to the change in state fram liguid to gas. The oscillation of the
measurand causes a flow of liquid into sense lines or transducer cavities which
can be warmer than the boiling point of the cryogen. An exchange of heat
energy takes place causing the cryogen to convert to gas which expands and
tends to drive the ligquid from cavities and lines. The effect of this change
of state of liquid to gas is %o mask the true pressure fluctuations occurring
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in the measurand. .’I'h.is condition then is a special problem for dynamic press-
are measuraments with connecting tubing, voids or chambers.

In addition, the measurement of cryogenic pressure presents a nutber of trans-
ducer performance and apelication problems related to the terperature environ-
ment.  Licuid hydrogen and liquid oxygen provellant systeams uresent wide
extremes of tarperature environments, especially under conditicrns where the
~ryogen in a feadline changes from a state of non-flow to flow. Rapid energy
exchange takes place under the flow condition and temperature gradient probe
lams across tle transducer are extremely severe during the initial period of
flow. Scme of these measurement conditions are discussed in the folluwing.

"Iy'pical pressure measurements associated with a large-scale space vehicle
Tank Measurements , !

1OX and 1H) Pressures
Ullage Gas Pressures

Feedline Measurements

10X and ILH; Pump Inlet Pressures
IOX and IH, pPamp Discharge Pressures

Feedline Pressures
Valve and Regulator P~ assures

Ergine Measxi.:anents

Thrust Chamber Pressures

10X and LHp Injection Pressures
Regulator Qutlet Pressures ,
Pressures measuraments asscciated with 10X and LH; systems can be instrumented
in three possible canfigurations. These are depicted in Figure 3.2-1. The
three potential confiqurations are:

Immersion of the measurament transducer directly in the crycgenic: .
liquid.

Direct installation of the transducer into a pressure port or boss
which is called a close-coupled installation.

Connecticn of a transducer to tha measurement source through a
connecting sense line which is called a remote installation.

Since cryogenic pressure measurements encampass such a wide range of conditions,
vach application has its own unique requirements for best measwrement per-
tormance with respect to transducer design and applicaticn provisions. This
investigation will explore same of these many possibilities.
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The pressure transducer associated with these measurements is exposed to a wide
variation of temperature environments. For long-term space opt.ratmns envir~
crmental temperatures may range between =250 to greater than + ¢530 F. During
various vehicle and subsystem operations such as tanking, precmllmq. propell-
ant flow, engine start and valve and requlator operaticns, more severe environ-
mental extremes occur. Generally, the worst case transients are those which
occur from some ambient tamperature to a cryogenic range. Typical data samples
from Saturn $-I1I flight tests [1], [2] are presented in Fiqures 3.2-2 through
3.2-8.

Figure 3.2-2 shows two gaseous pressure measurements using a remotely installed
transducer. Both instruments re installed in the proximity of the tanks, thus
are subject to a low temperature enviromment. Transducers used in the Satum
S-~II stage application are provided with heaters which are powered up to tae
time of vehicle liftoff. Measurements utilizing this design are hicnly accur-
ate; however, the ullage pressure measursments are cne cof the few cases wnere

a heater can be utilized, since the transducer never measures the liquid
pressure. For lcnger duration missions, transducers capable of operating
without the use of heaters would provxde a consigerable advantage by x:educm.q
electrical power consurption and improving measurement quality.

Figure 3.2-3 depicts the pressure measurement of a large tank containing
liquid oxygen. The transducer is exposed to the liquid oxygen at the face of
the transducer and ambient temperature around the body of the transducer. In
the case of the Saturn S-1I stage, *his measurement was umplemented to meas-
ure a low frequency oscillation of the LOX system resulting from center engine
and vehicle structure vibratory interaction. Moderate measurement accuracy
has been maintainea by campletely insulating the transducer.

Figure 3.2-4 shows the data fram three Satum S~II engine pum inlet measure-
ments. The D091 pressure measurement is made with a rerotely instailed trans-
ducer and tamerature controlled with a heater up to the time of vehicle lift~
off. Measurement D267-205 is an internal feedline temperature measurement.
D267-205 is intended to measure the same low frequency pressure coscillation
as D266-206, the LOX surp measurement. A significant point to be established
fram the comparison is that a discrepancy in magnitude exists between the two
pressure measurements. This deviation is largely attributed to temperature:
sensitivity of the close—coupled strain gage pressure transducer. A less tem-
perature sensitive transducer would provide more useful data. In additian, a
single transducer capable of measuring both the dynamic and steady-stage con-
ditions accurately, would provide a significant cost savings.

Figure 3.2-5 shows a pressure and terperature measurement of the engine 1Hp
puo inlet. The measureaments are similar to the LOX system measurements
C663-205 and DO91~205 except that no oscillation measurement like D266-206 is
made .

Figure 3.2~6 shows the accumulator pressure measurement with a change in press-

ure taking place durirg pressurization of the accumulator. Temperature measure-
ment C879-205 is provided to show an approximate temperature profile during
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the pressurization step with this temperaturc measurement being made in the
accumilator rzther than at the locaticn of the pressure measurement. This is
a case of a relatively mild transient temperature change.

Figures 3.2~7 and 3.2-8 both show pressure steps and temperature profiles of

tie assocliated tamperature measurements. In the Satwm S-II applicaticns, the
pressare measurements are made with remotely installed pressure transducers.

Thus, they are relatively unaffected by temperature transients insens.tive to
high response pressure fluctuations. A close-coupled installation could pro-
vide rore meaningful data.

3.3 PRESSURE MEASUREMENT DESIGN COWSIDERATIONS, [3], [4].

Pressure transducers for advanced space vehicle applications during prelawnch,
launch, and on-orbit operaticns require transducers which meet a wide range'
of performance and environmental conditions. Swume of these are:

a. Wide range of temperature extremes

b. High vibration and shock enviramments

c. Moderate to high measurement acciracy resulting from good stability and
repeatability

d. Highly rupture-proof case designs

e. Small case size and low weight

f. Low electrical power requirements

g. Long life capability

h. Gond corrosion resistance and chemical inertness
i, Convenient transducer mounting provisions

A relatively limited number of transducer designs are available which are
capable of meeting the requirements above as well as one or more of the instal-
lation configurations of Figure 3.2-1. Pressure transducers are designed as
integral units where the sensor and signal conditioning are contained in a
single case or as a split package where the sensor and signal conditioning

are two scparate modules interconnected by wiring only. Transducers with
integral electronics are available for cryogenic applications; however, the
limited temperature capability of the electrenics necessitates a remote trans-
ducer installation and, most likely, a thermal protection provision. Because
of tne requirement for ramwte installation only, these transducers are lamited
to measurements of slower responses.

All transducers involved in this study are designed with a force summing
member., The force summing member perfonts the function of converting the
applied pressure to a deflection. Designs frequenlly used are:
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Diaphragms

Anerold Capsules

Twasted Tubes
Belical Tuws

The nest camon of these selected for space vehicle wnstriuments is the flat
diaphragm wnich is essentially a cirgular thin plate clemred arownd its cir-
cunferunce. All candidate transcducers identified fram the survey conducted
in this investigation utilized flat diapliragms except the rotenticnetric units.

With applied pressure the diaparagm deflects in accordance with the laws of

a thin circular plate undar conditions of uniform loading. Diaphr ams are
usually designed so that the center deflection does not cxceed naif the
thicikness of the plate in order to raintain a linszar rélaticnshipy tetwean
deflecticn and applied pressure. Wwhere larger deflections are required,
corrujated diaphragms are used which allow approxinmately two porceat of the
diameter dimension for deflection. In cases where large deflzctions are
required, aneroid capsules or bellows are used. Aneruid capsules are carposed
of two identical ccrrugated diaphragms welded together fzce-to-face at the
perishery. Bellows consist of stacks of capsules :pined teogether to form an
air-tight cavity. Capsules and bellows are manufactured from a variety of
materials with phosphor bronze, Inconel-x and Hi-Span-C leing amcng the most
cammon.  Ferrcus nickel or stainless steel diephragms are selected for appli-
caticns of extreme temperature environments due to the temperature stability
cf these materials. Bourdon tubes, C-tubes, twisted tuhes, spiral tubes all
operate on the principle that pressure differential between the exterior and
the interior of the tube creates a force tending to wind or-wnwind the tube.
Transducers are designed utilizing the principle that if the open end of

the tube is held in place, the closed end tends to move: Pressure changes
are sensed by attaching strain gages or the slider am of a potentiometer to
the tube. , '

Coupled to the force summing member either directly or through linkages is
the sensor which may employ any cne of a number of transduction principles
available in the field of transducer technology. Scne of the more common
transducticon techiques are:

Variable resistance - potenticmeter
Variable capacitance

Variable inductance

Piezoelectric

3.3.1 Potenticmetric Pressure Transducer

The potentiametric presswre transducer represents one of the simplest design
approaches for pressure measurements. The instrusent operates from a de
source and provides a high level signal cutput as a function of the applied
pressure. The basic operatirg principle is that the measured pressure is
applied to a force suming member (usually » capsule, ballows, bourdon tube,

or other tube configuration) which moves a sliding contact over an electrical
resistance elament. The cutput voltage is a function of the position of the
slider contact on the electrical resistance elament and applied voltage across
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the rcsistj.ance elanent. -Most applications use linear potenticmeters; however,
logaritimic, exponential or sine functions are also available.

The potentiaretric resistance element is usually between 0.3 to 0.8 inches

in length. For most force suming members except for the bourdon tube and
other tube configuraticns, the motion of the flexible mctal elament requires
amplification through the use of linkages. The relatively large motions
required by these transducers also requires relatively large internal volumes
and relatively large internal volume change. These design features limut
the use of potenticmetric transducers to measurements with relatively slow
pressure changes and increase the sensitivity of the transducer to vibra=-
tion and temperature extremes. In additicn, friction effects from movament

- of the linkages and the slider arm contact with the potentiometer roguire a
relatively high force to overcane the fricticnal elfects. The high force
raequiranents generally restrict this design for use in very low pressure meas-
urements and generally result in larger transducers due to the larger capsule
sizes required for the higher forces. Diligent design considerations and
care in the selection of materials can often overcume many of these limiting
design features. Piwvotal bearings such as ball or jewel bearning must be
selected for lowv friction, long life, minirmum dimensional errcor, and good
vibration and accelaration capability. Oil damping often is utilized to
increase vibration capabilities and neaters are utilized to improve low
tamperature performance. Where coil damped transducers are exposed to tempe:s-
ature much below approximately =65 F, heaters are required to maintain accept-
able performance levels, especially response characteristics.

Wiper desic1 is another critical component for potentiametric transducers
since wiper liftoff or wiper resonances are often problems which result in
signal output spikes or ncise. Often the problem results in a traldecf:
between increasing wiper pressure against the potentiometer wiich increases
the frictional problem of the wiper on the resistance elavent. A comon
design approach in the solution of this prcblem is to use a double wiper with
contacts on either side of the resistance element. This design eliminates
the noise due to discontinuities, since at least cne wiper maintains contact
with the resistance element.

Potentiameters for transducers are constructed in linear and curved shapes
of either rectangular or round cross section. The resistance elements can
be constructed for a linear output or other non-linear outputs such as a.
logaritimic function. Precision performance from the resistance element
depends on a rumber of electrical and mechanical considerations. Same of
tiwse are:

Constant specific wire resistance

Constant resistance and oontact resistance with wear

low themo—-electric effects

Constant resistance at variable tamerature

Constant output voltage with variable wiper loads

Constant insulation resistance valuecs

Constant wire diameter and pitcen winding with environments and usage
Constant physical characteristics and relationship of the formmer and wiper

-7 - SD72-5A-0156-1
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The resistance element wire must be precision drawn and amnealed in a reducing
atmosphere to avoid surface oxidation. The thermo-electric characteristics of
the wire should be protected fram surface corrosion by enameling or oxida-
tion. For amall gages. the wire must be strong and ductile for winding on

the mandril.

Wire resistance stability with time depends upon annealing and upon the ability
of the wire material to withstand corrosion. Common resistance alloys in
general use are listed below:

a. Copper-nicke. alloys have the lowest temperature ccefficient of resist-
ance and a medium-high resistivity. Mechanical strength is adequate but
thermoelectric characteristics with copper is very poor.

b. iickel-chromium alloys have high resistivity and fairly low tamperature
coefficients of resistivity. Their resistance depends on the state of
annealing. ¥Mechanical strength is high and ultimate,workirng tempera-~
tures are high.

¢. Nickel-chromium iron alloys cost less than nickel-chramium alloys but are

ferro-magnetic at room temperatures and have nigher ta:perature coeffic~
ients.

d. Silver-palladium alloys have higher resistance to corrosion and thus
lower contact resistance.

3.3.2 Strain Gage Pressure Transducers

The application of the strain gage principle to pressure transducer technology
is widespread and highly successful. The technique of applying strain gages
to a force suming member is adaptable to a number of possible configurations,
thus strain gage pressure transducers are available in low to high ranges and:
in all sizes.

The most camon method used in the industry is either to bond the strain

gage directly to a diaphragqm or other deflection member, such as a beam (bonded
strain gage design) or to mechanically couple the strain gages (unbondad
strain qgage designs) to the diaphragm. Most strain gage pressure trans-
ducers are designed with four active strain gage elements connected in a
wheatstone bridge arrangement. The gages are installed on the diaphragm or
beam so that two gages are in tension and two in carpressicn when deflection
of ths diaphragm occurs. Connecting two gages so that the reslstance
increases and two gages so that the resistance decreases in opposite amms of
the bridge results in maximum bridge cutput.

The full scale output of a metal wire or foil gage is approximately 50 to 60
millivoits for bonded gages, and 60 to 80 millivolts for unbonded gages with
a 10~volt excitation voltage applied. With the addition of campensating and
trimming resistors, the full-scale outputs are ruduced typically to 30 milli-
volts and 40 millivolts. Most applications require ampllflcatmn of this

low level signal to a high level signal camonly 0 to 5 wic. The signal

conditioning can be provided with the electronics contained within the trans-
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ducer housing or in a split package. The option of a split package des:ign
provides a significant advantage for the strain gage transducer. ©n a large
scale space vehicle, the split package option utilizing a strain gage trans-
ducer with a rewotely installed dc amplifier can result in cons:iderabie cost
savings both in the area of measurament hardware and bracketry required.
Without signal conditioning,electronics transducer sizes can be made small
ercugh for port mounted installations undergoing savere envirormental oondi~
tions. This feature is extremely important for cryogenic applications where
dynamic response measuraments are required. The port installaticn is the
only means available for an accurate repraduction of the pressure fluctua-
tions 1n the crycgenic lines.

3.3.3 Piezoelectric and Quartz Pressure Transducers

Piezoelectric and quartz materials generate an electric charge with applied
stress. This principle is applied to pressure transducer technclogy through
the use of a flat diaphragm which transmits a force to the crystal material
directly or through mechanical linkages as a function of the applied pressure.
Materials which exhibit the piezoelectric effect are either synthetically fab-
ricated or found in a natural state. Natural crystals are quartz and rochelle
salt. Synthetic crystals are lithium sulfate, amroniun dihydrogen phosphate
and polarized ferrcelectric ceramics such as barium trianate.

" Piezcelectric materials respond to mechanical stress in different modes such
as in tensian, campression and shear. Metal electrodes are plated onto the
selected faces of the piezoelectric material for the desired mode of mechanical
loading to pick off the generated charge, the electrodes being the plates of

a capacitor. The piezoelectric element is thus a charge generator and capaci-~
tor. The technique is not applicable to steady state responses since the.
finite insulation resistance of the transducer circuit and the shunting effect
of the load resistance cause tiie generated charge to gradually leak away.

The crystal transducers offer a number of highly desirable features which
cannot be equaled by any other designs cwrrently avaialble. The transducer
size is the sallest of all presswe transducers availalble 1In additicn, the.
instruments a-e characterized by a high natural frequency capbility. Trans-.
ducers are avzilable which weigh less than one gram, and self-contained
electronic units for pressure measurements are available which weigh less than
10 grams (not tor cryogenics). Tenperature capability of these transducers
are also extremely good with designs ovailable for direct installaticn into
feedline bosses of cryogenic systems.

The prime limitations of crystal transducurs are Eheir lack of steady state
response, their high electrical output impedance and the need for low-noise
low-capacitance cables.

3.3.4 Variable-Reluctance Pressure Transducer

Variable reluctance pressure transducers operate on the principle that press-
ure changes on a diaphragm can be utilized to vary the inductance of a coil.
Coil inductance variations can be achieved by changing:
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a. The coil geametry

b. The reluctance of the magnetic Path

c. The permeability of the magnetic core material
d. The coupling of two or more elements of a coil

Of the four techniques above, the changing of reluctance of a magnetic path
is the most common technique in use.

The variable-reluctance principle is usually designed with a diaphragm of
magnetically-permeabls material, supported between two inductance elements.

an unbalance of pressure cn either side of the diaparagm creates an unsalanced
force which displaces the diaghragm and results in a change in reluctance in
the magnetic path by increasing the gap in the magnetic flux path of cne core
and decreases the gap equally in the other core. Available pressure ranges
for inductive transducer ranges from 0.0 to 5000 psi.

In this investigaticn no transducers were identified utilizing the variable-
reluctance principle.

3.4 SURVEY RESULTS COF CURRENTLY AVAILABLE DESIGNS

The survey of manufacturers reveals that of the approximately 50 suppliers
contacted, seven have submitted data indicating the availability of pressure
transducers operable at cryogenic tamperature ranges suitable for space
vehicle usage. The instruments identified utilize cne of three sensor tech-
niques either potentiametric, piezoelectric or strain gage. Manufacturers
responding favorably to the survey were: )

Manufacturer , Transducer Type
Bell & Howell/Consolidated Electrodynamics Unbonded Strain Gage
Bourns, Inc. Potentiametric
Dynasciences Corporation Bordad Strain Gage
Genisco Technology Corporation Bonded Strain Gage
Kistler Instrument Corporation _ Piezcelectric
MB Electronics Bornded Strain Gage
Statham Instruments, Inc. . Deposited Strain Gage

Originally a much larger number of manufacturers indicated the availability
of pressure transducer deisgns capable of operating under a crycgenic environ-
ment. Many of these sources could not be identified in this investigation
because sufficient data were not available or because the part was not manu-
factured as a standard cammercial item. A number of other manufacturers have
transducer designs which appear suitable for cryogenic applications but are
not 80 advertised since tests have not been conducted at the crycgenic
envircoments or tests and test data are not camplete. Thus, the results pre-
sented herein should not be interpreted as the total industrial capability
for cryogenic pressure transducers. The results presented are intended as
a reference source for transducer designs readily available as off-the-shelf

equigment.
-3 - SD72-SA-0156-1
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The transducer designs offered by manufacturers as operable at cryogenic tem=
perature are briefly described below. All transducers identified are split
package designs capable of direct installation in a cryogenic feedline or
-tank pressure port. Except for the single potenticmetric unit, all of the
designs require separate signal conditioing equipment.

3.4.1 List of Manufacturers

3.4.1.1 Bell s l-?well/Cmsclidated Electrodynamics Electronics and Instruments
Growp [5

Bell & Howell advertises a total of seven transducers operable at the cryogenic
temperature ranges. All are unbonded strain gage designs either flush dia-
phragm or cavity type. All transducers ewploy a design of the strain-gage
wirdings connected in a four-arm bridge. All designs utilize a fiat dia-
phragm as the force suming mamnber. Pressure applied against the dia-

phragm produces a displacement of the sensing element, changing the resist-
ance of the active amms and causing an electrical cutput proportional to the
pressure. The sensing element is a spring assembly which supports the strain
gage wire windings. Displacement of the spring assembly resulting fram dis-
placement of the diaphragm causes movement of the posts upon which the strain
windings are mounted. This movement causes the strain in wires which changss
the resistance of the wire thus providirg the electrical output change.
Figure 3.4.1.1-1 shows cne typical assembly which demonstrates the principle
used.

DIAPHRAGM

STRAIN-CACZT
FORCE ROD —— —~———————"=¢ WINDINGS {1&2)

MOUNTING RING

o LN O SAPPHIRE POSTS

"#" fsz SPRING

e ELEMENT

h? )
STRAIN-CAGL

WINDINGS (3k4)

Figure 3.4.1.1—1[5] Typical Sensor Assembly Design
For Unbonded Strain Gage Transducer
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Figure 3.4.1.1-3 Bell & Howell Type 4-356
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Bell & Howell transducer Types 4-312, 4~313, 4-316 and 4-317 are similar in
appearance and intermal design. The case and diaphragm are constructed in
ane-piece fram 410 stainless steel. Both Types 4-316 and 4-317 are constructed
fram non-organic materials, special ceramics and feed-throughs, which provide
resistance to nuclear radiation effects.

Instrurent Types 4-326, 4-356 and 4-361 are cavity units whose case and dia-
phragm are constructed fram 17-4 PH stainless steel. Type 4-326 is advertised
as a general purpose transducer offered in a wide range of pressures and per-
formance tolerances. Type 4-356 offers the best temperature rerformance of
the Bell & Howell transducers. Type 4-361 is designed especially for appli-
cations involving wide temperature ranges and intense nuciear radiation envir-
ormenits. This unit has the widest advertised temperature capability of all
the instruments identified in the survey with a rartje of -423 to 700 F.

Outline dimensions of transducer Types 4-313, 4-356 and 4-361 are provided in
Figures 3.4.1.1-2, -3, and ~4 as typical examples of the Bell & Howell prod-
uct line.

3.4.1.2 Bourns, Inc.

Bourns Models 434, 441 and 534 are potentiametric pressure transducers designed
for cryogenic temperature service. Models 434 and 534 cover low pressure
ranges to 5 psia and psid ranges, respectively. Model 441 covers high press—
ure ranges to 500 psia.

Model 441 is cne cubic inch in size with a weight of 2-1/4 ounches. The instru-
ment is designed to provide a linear, high-level voltage output with pressure
variations. The transducer is operable with excitation woltage carpatible
with a power rating of 1 watt at 165 F.

The Model 441 utilizes an aneroid capsule for a force summing mamber with

the free end of the capsule attached to a strut wire which, in turn, is fixed
to the potentiameter wiper arm assembly. The arm 1is free to rotate about a -
pair of crossed strip flexure pivots. Contact of the wiper arm to the poten-
tianeter is made with a small diameter wire constructed for light weignt

and strength. Pressure applied to the pressure port fitting deflects tie

free end of the aneroid diaphragm which transmits this linear motion to the
wiper arm through the strut wire. The strut wire is attacned to the short
portion of a notion multiplying lever whose free end carries the element wiper
contact. The mechanical lever multiplies the strut wire rotion by approxi-
mately four times in rotaticnal motion of the wiper across the output poten-
ticmeter. The two crossed strip flexure pivots provide frictionless hwearings
and support for the motion multiplying lever. Adjustable counter weights on
the short end of the lever provide counterbalance correction from acceieration
and vaibration.

The transducer is packaged so that the force suming member, the potenticm~
eier and all linkages are mounted on the most rigid center secticn of the all-
welded case. A positive mechanical stop design is provided so that the deflect-
ion of the fres end of the capsule 1s controlled in the direction of the
applied pressure. Temperature perfarmance capability is achieved by mechanical

-%- 5D72-5A-0156-1
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Figure 3.4.1.2-1 Bourns Model 441
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Figure 3.4.1.2-2 Bourns Model 441 Internal Design
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Figure 3.4.1.2-3 Bourns Model 434/534
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Figure 3. 4.1, 2.4 Bourns Model 434/534
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carpensaticn at the welded joint of the Ni-Span~C aneroid capsule. A special
Bourns technique is utilized to achieve this campensation by the application
of the welded joint and in the weld material. Other provisians include the
selection of good themmal characteristic materials for all primary parts of
the sensing assembly. The pressure media cavity is constructed of 304 SS and
Ni-Span=C. :

3.4.1.3 Dynasciences Corporation (7

Series FPB 01, 02 and 03 transducers are bonded foil gage instrurents with a
flat diaphragm as the force suming device coupled to a miniature bending
.beam. A pair of gages are attached to ei*her side of the bending beam in a
fully active Wheatstone bridge configuraticn. Diaphragm and case are
machined as integral parts fram 17-4 FH stainless steel. Pressure, applied
to the diaphragm, is transmitted directly to the beam and induces displace-
ment, resulting in a proporticnal change in output voltage. The 'short direct
metal path from diaphragm 0 bending beam provides a low mass, high spring
rate system for minimizing acceleracion response and a rapid temperature
stabilization for minimizing thermal shock and temperature errcrs. Gages are
utilized which compensate for modulus changes, thus improving stability by
minimizing cawpensation network.

Figures 3.4.1.3-1 through 3.4.1,3-3 describe the outline configurations of
these instruments.

3.4.1.4 Genisco Technology Corporation (8]

Genisco advertises eight model nunbers cperable to the cryogenic temperature
ranges. All of the instruments employ the bonded strain gage principle. Two
hasic design approaches are utilized for the cryogenic sensors. Model num-
bers PB419, PBS513, PB519, PB531, PB535, FB536 and PB923 erploy a miniature
cantilever bending beam design. The cantilever beam is a miniature beam
which is part of the diaphragm assembly. Four metal foil strain gages are
bonded to the stress concentration areas of the beam to form a fully active,
four-arm symmetrical wheatstone bridge. An overload stop design permmits the
transducer to withstand overpressures up to 30 times without permanent damage.
Model number IBALO3 is a bonded strain gage unit with the foil gages bonded
to the back of the diaphragm. Four strain gages, two oriented radially and
two circunferentially, are bonded on a single piece of backing material.
Pressure applied to one sicde of the diapliragm deflects the diapnhragm and
transmits this deflection to the gages bonded to the opposite side. In both
designs deflection of the diaphragm provides linear output voltage proportional
to the applied pressure and excitation voltage.

All of the transducers are designad with threaded pneumatic fittings and con-
structed from 17-4PH stainless steel. Instruments are available in ranges
from 0 to 15 through 0 to 10,000 psia, psig and psis ranges.

Outline cnfiqurations are provided in the following figures. Not all of the
part nurbers are represented with drawings.
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phragm ot the transiacer 13 converted to a force actich
The stress rosules in a stroin #hich procuces an clcctric chars
facus of rhe crystal. In the mest sensitive axis, the value of o
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not reparre tharmal oumpeonsaticon secause Lt is careliotely non-prroelectric.
Transducurs are haghly resisiant to shock a:‘d vibration becacse of the great

rigidity and strength of the guartz material.

Inswroe,ts are capable of withstanding shock and vikraticn leveis in tneo
theusands of g's,

praphramms and Joints are heli-arc wolded for strength and hermefis sealing
Diaghragmws are *;~:1c.:lly constructes Sran 316 stawnless steel. . The throaded
body f5r model 606 is constructed fram Lyp= 304 stainless stecl ana 17-1
for the higler pressure model series o0l and 603,

The plezoelecric effect of quartz is constant, but che sonsitivits F transe
ducers will vary fram each other as a function of wne numter of platues
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ducers are inaivadually calibrated for sensitivicy in prooccouliamons i
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3.4.0.8 22 ﬁu.\:‘;:.‘Oﬂl""‘LlJ
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Figures 4, l.-S-'lm(istler Series Typical Internal Design

- 30 - SD72-8A~0156-1



North Amerc.an Rockwelt

Space Division

oR

W3 ¥0
do1-21-HI 2d
X10N39
YOLIINNOD
TYIIY¥LI313

LT S3LA3G SILUOAIIALTY OW ma—i._ ‘#°¢ aanbiy

£L°2 op'2

1-vva-2L1 1-ywi-2L1

(v-0S00T-GNY HLIM
JINVON0IOY NI ONIgnl
*0°0 /1 ¥04 ONILLIJ)

8€-4NN 02-91/¢

J'T%.al!l

T300W

SU72-5A4-0156-1




North Amencan Rockwell

Space Division

ol

241 531435 $4U0LIIT GH )29 "TF"E Sunid

s2'¢ 08°1 a
1-v83-2L1 1-vag-zL1- 13004

wNno3 Y0
d0I-2T1-HI 2d
XION38
HOLJINNOD
WIIYLI3IT3

W0

9S9EE SW HLIM
JINVGH0IIV NI 9NISNL
*G°0 ¥/1 404 ONILLLY)
VE-INN 02-91/¢

SD72-8A-0156-1

e N UUR N



@ < Space Division
North Amencan Rockwell

The body and diaphragm of the transducers are integral; machined from a solid
piece of 17-4 PH stainless steel. The design arploys a cantilever-beam
sensing elament using bonded foil strain gages in a four active-arm wheatstone
bridge. Diaphragms are designed up to 0.060 inch thick and thus are not dis-
placed more than a fraction of its thickness to optimize linearity, hysteresis
and high repeatabiiity.

The body-diaphragm and all major external parts of transducers are made of

17-4 PH stainless steel. Pure nickel gaskets are used between the pressure
head and body on pressure ranges of 100 psi and below. Teflon covered stainless
steel O-rings are used on the ranges of 150 to 1000 psi while no sealing devices
are used on ranges of 1500 psi and above. Stanless steel connectors are avail-
able on special order. In ranges of 2000 psi and ahove, the transducer dia-
phragms can withstand over 30,000 psi. The transducers can be used safely in
systems that must be vacuum purged, and can be used where shock wave fronts
approaching at 90 degrees induce sudden negative pressures. Transducers are
designed with no sharp corners or hidden pockets for easy cleaning for 10X

and other special aerospace applicaticns. On ranges 1509 psi and up, the

entire pressure cavity is accessible without dismntling. On ranges below

1500 psi, the pressure head can be removed to expose the diaphragm.

Trangsducer outline dimensions are provided in Figures 3.4.1.6-1 and 3.4.1.6-2.

3.4.1.7 Stratham Instruments, Inc.[lz)

The Statham Model PA 822 pressure transducer is a relatively new transducer
which utilizes vacuun-deposited thin film strain gages for the sensing ele-
ment. The transducer is designed with a flat diaphragm whose deflecticon as

a finction of applied pressure is transmitted to a double cantilever beam by a
linkage pin. Strain gages are vacuun-deposited on the beam in a full bridge
configuration so that the deflection causes tensile strain in two gages and
capression in the other two gages of the bridge. With excitation woltage
applied, the change in bridge balance produces an cutput voltage proportional
to the pressure applied to the diaphragm. Transducers are designed for a
typical output of 3 millivolts per volt of excitaticn.

The Model PA 822 is designed with a threaded pressure fitting fabricated from
17-4 stainless steel. The undercut detail shown in the drawing is designed
for mechanical and themmal isolation of the transducer fraom its mounting sur-
face. .

The pressure fitting, diaphragm, linkage pin, frame and beam are electron
beam welded to form the sensor mechanism. To cbtain a match of temperature
coefficient of expansion, the sensor mechanism components are fabricated

fram the same material 17-4. The vacuum side of the transducer case is
electron beam welded to the sensor assembly. Electrical connecticns are

made by micro-circuit welding gold leads to the deposited pads and routing

the leads through the hollow fused pins in the vacuum case. The hollow pins
are brazed closed and vacuum is pulled on the vacuum case. The vacuum seal

is accerplished by an aelectron beam welded ball seal. The bridge is contained
in the nemetically sealed vacuum campartment. Temperature campensation and
halance resistors are installed behind the vacuum case. Typically the resistor

-53 - SD72-6A-0156-1
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networks are po;ted to provide protection fram vibration and shock. The outer
case and hemmetically sealed connecter are electron beam welded for a carpletely
hermmetic sealed transducer.

The Ph 822 transducers are tamperature compensated for operaticn over the
range of -3.C F to 80 F to offset errors fran the temperature soef icient of
resistance of the gage material, gage matching, and the match of coefficient
of expansion of the sensing mechanism structure. Gage matching Can be accam=
lished closely since the thin fi1lm process is applied simultarecusly o all
feur gages with precisely controllied aeposition masss. Sensing mevhanism
structural carmpcnents are ali fabricated from the same material to minirize
coefficient of expansion errcrs. Zero shift and sensitivity change are com=
pensated by adding resistors with the appropriate tanerature cocfficients of
resistance %o the bridge circuit. .

Transducer details are provided in the following figures.!

Table 3.4-1 provides a tahulation of same perforance ard physical design
features. While any one or 21 nurber of transducer operaticnal or design
features oould be key to the selecticn of a specific transducer, the foliowing
are considered sume of the more imvortant. The terminology used in the tabu-
lation is in keeping with the Instrument Society of America transducer termi-
nolcgies.

OPERATING PRLICIPLE: The nature of the sensing technique and
the transduction principle necessary to sense the measurand and
produce an output signal.

MEASURAWD RANGE: Minimum and maximum values of the measurand

OVERRANGE: The maximum magnitude of measurand that can be applied
to a transducer without causing a change in performance beyond
specified tolerances (expressed as percent of full-scale measurand).

EXCITATION: The nature and magnitude of all external energy
required for proper transducer operation; excluding the measurand.

NON-LINEARITY (Endpoint Methnad): The deviation of actual output
of the transducer fram a straight line between zero pressure and
rated pressure cutputs during one complete pressurization cycle.
Expressed as a percentage of full-scale output.

HYSTERESIS: The difference in ocutput at any given pressure value
within the transducer range when the value is approached first with
increasing and then with decreasing pressure.

NON REPEATABILITY: The inability of the transducer to produce the
same output, under identical envirommental conditions, during three
consecutively repeateri pressurization cycles. Expressed as a per-
centage of full-scale output.
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RESQLUTION: The smallest change of measurand that produces a recog-
nizable change in output expressed as percent of full-scale mneas-
urand.

FULL-SCALE OUTPUT: The change in ocutput between zero pressure
and rated pressure, expresseaxd in millivolts oubtput zer volt input.

COMPENSATED TEMPERATURE: The range of temperature over which the
transducer is corpensated so that thermal sensitivity shift and
thermal zero shift will not exceed the specified amount.

SENSITIVITY SLIFT WITH TEMPERATURE: The change in sensitivity

caused by a specified change in ambient temperature within the corpen-~
sated temperature range. Expressed as a percentage of reading per

100 F.

ZERO PRESSURE CUTPUT SHIFT WITH TEMPERATURE:, The change in the zero
pressure cutput of the transducer with a change in temperature.
Expressed as a percentage of full-scale output per 100 F.

MAXTMUM SAFE EXPOSURE TEMPERATURE: The maximum temperature to
which the transducer may be exposed without a permanent change in
performance characteristics.

Trade Evaluation of Designs

The transducers identified as capble of operating in a cryogenic application
are all split package designs. Transducers with integral electronics are
available for cryogenic applications; however, the limited temperature capa-
bility of the electrunics necessitates a remote transducer installation and/
or thermal protection provisicns. This statament assumes a transducer tempera-
ture operating environment within cryogenic ranges. Generally, instruments
with these design features are available by special order only.

Transducers operating with a themmal control provisicn, such as an intemal
heater,or protected by installation in a temperature control container are
capable of a high degree of measurement accuracy, generally better than any
split package design under extremes of temperature. There are, however, a
nunber of serious limitations.

a. The units require a heater which becames a source of heat leak into the
crycgenic system. This limits the use of these transducers to a remote
installation oanly. .

b. The wnit si.e is generally larger cdue to the electronics and heater pro-
visions. The larger transducer size requires bracketry for installaticn.

¢. 1In applications where large numbers of measurements are required to
operate aver long durations, electrical power requiraments become-a
serious trade consideration and electrical power limitations and safety
consideration may dictate the operation of units without heaters.
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Because of the limitations identified, transducers with integral electronics
are useful cnly for remotely installed applications and whare the tradecsf of
high electrical power for heaters is considered justified in order to achieve
the accuracy level of these units. '

All of the instranents identified as candidates for this investizazion are

split package duesigns which are available in a wide range ¢f sizes and

welghts and differ considerably in cperating principle. Thw principles

wclude strain gage, potontiawetric and piezoelectric technicgues. As des-

cribod earlier, the signal output for these instrurents differ signlficantly.
tencimetric units provide high-level cutputs, strain gage units cpurate

with low-level outputs and the plezoelectric transducer provides a uharie

oatput. Trese differencas are further expanded o include differoncss in

wiring, signal conditicning requirements, and excitation supcly oltages.

In these areas the potentianetric transducer excels. The unit provides a

convenient high-level cutput elther ac or dc as a function of Pt_l:e excitation

supply voltage. The common application is to provide a 5 vdée supoly for a

0 to 5 wdc signal cutput. Except tfor the power supply, no additional modules

for signal conditioning is required. Both the strain gage units and the piezs-

electric transducer reguire the use of arplifiers for signal conditicinyg.

The cost of an additicnal signal conditicning module and installaticn and

wiring grovisions as well as the added weight factor rank the strain gage

and piezcelectric units lower than the potentiametric unit in this regard.

As far as the sizes and weights of the transducers are ccncerned, there is a
wide variation between manufacturers. The piezoelectric instruments are the
smallest and lightest of all tiie instrurents. The unit weight and size
factor is an important consideration for cryogenic measurements, especially
where the instruments must be installed in the close-coupled configuration.
In many cases, the unit weight in conjunction with the high vibraticn and
shock enviromments prohibit installation of these transducers directly into
the pressure ports or bosses without additicnal support bracketry. For tlese
larger and heavier transducers, a significant convenience and cost savings
factor is lost, which is considered one of the advantages of the split pack-
age design. The convenience factor results fram the easy removal and inter-
changeability of transducers and the cost factor results from savings in
bracketry costs. Since a number of variables are intexrelated in determining
the feasiblity of installing a transducer directly into a port, ne definite
stataments can be made for size and weight ranges for safe installations
witipout brackets. For purposes of this study, an example is sited based

on an S-II stage usage where a transducer weighing approximately six ounces
was port mounted safely on a feedline. Approximately 40 percent of the
transducers discussed in this study weigh less than six ounces. The size of
the instrument is also a significant consideration with respect to the influ-
ence of the temperature extrames ch the sensor. Conclusions by Kinzie und
Muphy as described in reference source [15] indicate that heavy, thermally
well-protectad cavity type transducers have relatively good performance
characteristics under certain transient flowing liquid hydrogen applications.
Other evidence indicates that a transducer capable of reaching a unifomm
temperature rapidly is most likely to reach a stabilized output rapidly.
Transducers which are capable of exposure to tamperature extraves and gradients
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with the minimm of stress to the case ard to sensing elements is less

likely to exhibit large errors. Small transducer size contributes toward this
goal by reducing thermal mass and minimizing temperature gradients. In acdi-
ticy, irsulating the transducer to maintain a constant temperature is facili-
tated with small units.

Closely allied to the transducer size consideration. is tr.2 canfiguration.

All transducers listed in this survey have either a male or female threaded
fitting or threadeu body except Belil and Howell's models 4-312, 4-313, 4-316
and 4-317. These units have flush diaphragms with a flange seal. Transducers
with male or female threaded fittings provide flexibility for inter-changing
units, pechaps one range £or ancther or one manufactuzer's part for another
manufacturer's part (assuming compatible thread size;. Sorme of the units with
external threaded fittings are flush diaphragm desions with the body threaded
rather than with pneumatic fittings. Transducers of this configuration have
definite advantages for monitoring dynamic pressure responses of a crycgenic
medium. Transducers of this configuration with the thread size are listed.

Manufacturer/Part Hunber Thread Size
Kistler 1/2 - 20

Models 606A and 606L

Units with threaded male fittings are:

Manufacturer/Part llumber Thread Size
Bourns Model 441 M5-33656, -E2, 3 or 4
Bourns Model 434/534 MS-33656~E4
Dynasciences FP801/FPBC2 MS~33656-E4
Dynasciences FPBO3 MS~33656-E4
MB Electronics Models 172-DBA-1 MS~33656~E4
and EBA~1

Statham Model PA 822 » - MS~33656-E4
Genisco Technology Corporation MS-24385-E4
Bell & Howell MS-33656-E4
Series 4-326

4-356

4-361

Units with threaded female fittings are listed below. It should be pointed
out that units with female fittings can be converted to male fittings with
an adapter.

Manufacturer/Part Number Threaded Fitting

MB Electronics ' 7/16 - 20 GF - 3B

Model 172-KBA-1 per AND-10050-4
172-BAA-1

Another consideration related to interchangeability is the transducer output
impedance, supply voltage and signal output woltage. A tabulation of strain
gage designs result in the following breakdown.
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Excitation . Output - Signal

Voltage Impedance Output

Supplier fac or dej loms) foe/v),

Dynasciences igv 350 3.0

Statham 1w 350 3.6

MB Electronics iov 350 3.0

Genisco v 350 3.0

Bell & Howell v 350 3.0 {(4-312, 313,
. 318, 317}

4.0 (4-336, 361)

The candidate strain gage instruments of this study all have standard outputs
of 3.0 mv per volt of excitation except the Bell and Howell models: 4-356 and
4-361 which have a 4.0 mv per volt cutput. These electrical commonalities
ease interchargeability problems from one manufacturer’s part to another. One
consideration which should not be overlooked is that differences in the var-
ious tolerances will affect the end point values and also the output sensi-
tivity value. Wherever a single amplifier provides signal corditioning for

a number of measurements, the use of these transducers may not be suitable due
to the variations between instruments. :

Transducer shelf life and operational life data have not been idehtified from
this survey. In addition, these characteristics are a function of the cycling
rate and operational pressure magnitude and whether the ynit is operatea at
full range or at an intermediate range. Based on an assessment of these com-
ponent parts, it can be stated that generally all of the candidate trans-
ducers are designed for simplicity and of materials without significant
deteriorating prmperties. In the case of absolute units, long-life capabili-
ties are further enhanced by the fact that the sensing mechanism is usually
located in the evacuated chamber where corrosive or oxidizing effects are
minimized. The structural marbers associated with theé sensing system are all
fapricated from high-strength stainless steels and operated at the low end of
its endurance limit value. These structural members should not normally be

a failure source unless overpressured. The unknown components with respect
to life are cawpensating resistors, strain gage elanents, connecting wiring
and their junctions and connector elaments. In the case of the potentio-
metric transducer, the wiper and potentiometer are definite elaments with
limited life. A wide variation exists among units and designs; however, for
the purpose of this report, an estimate is made that potenticmetric units
have a life of approximately 25,000 to 250,000 cycles. This estimate includes
perfomance changes beyond specification limits resulting from wear and wiper/
resistance element contamination.

Since data are not available for a statistical analysis or a detail materials
and process analysis, no conclusion can be made based on these findings. A
statarent can be made that the piezoelectric and strain gage units are designed
with a minimum of components and complexity which would indicate that failure
modes and wear are minimal. In genaral, all of the candidate units of this
investigation are estimated to have good shelf life and operaticnal life
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capabil;?.tif.zs. Saturn S~II Program experience with strain gage pressure trans-
ducer;s indicate that the instruments are reliable with shelf life estimated
at five to ten years or longer.

Vibration capability of representative candidate instruments are listed
below:

Supplier/Part Nurber Frequency Displacament or g's Errors
Bourns 5-25 0.5 da
25=2000 16~35 g's Pk 1.5% FR max
MB Electronics 0-2000 30 g Pk 0.025% FR/g
Bell & Howell 5-2000 35 g Pk 0.03% FR/g
Kistler Limit not 1500 g Pk 0.005 PSI/g
determined

The values above for strain gage units are for ranges to 100 psi. For the
potenticmetric uit, the range is to 450 psi. Fran the data above it is
clear that the piezoelectric instrument is exceptional with respect to vibra-
tion capakbility. As indicated in the Jescription of piezoelectric instru-
ments, the outstanding vibration characteristics result from the essential
lack of moving parts. Two representative stra.n gage instniments, a bonded
foil gage unit and an unbonded strain gage instrument exhibit approximately
similar capability. The potentiome=zric unit is most susceptible. These
results are in keeping with the inherent design characteristics of these
instruments. Instruments with internal designs having mechanical linkages
and deflection members are more sensitive to accelevation forces.

Table 3.4.2-1 sumarizes sane of the more important perfommance features of
selected transducers fram each manufacturer which appears to have the best
cryogenic performance capability and whichrare available in presswe ranges
most likely required for a cryogenic application.

3.4.3 Discussion of State-of-the~-Art Versus Rquirements

The reguirements of this investigation were to locate instruments capable cf
cryogenic pressure measurenents within an accuracy of two pergent full range
from temperature sensitivity error. In addition, tne transducer should have
long-term operational capability in a space envirorment and should be reliable
after many reuses. Light weight, small packege size, simrlified wiring
requirements, low electrical power and simplified maintenance procedures

are other desirable characteristics for future space vehicles. Measurement
redundancy ami redundancy management provisions are necessay considerations
for future space missions.

This investigaticn has found that currently available eguipment cannot meet

all of these requirements. It is clear fram the “investigation that no single
transducer daesign is capable of making measuraments to an accuracy of two
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percent full range under all of the conditions encountered in cryogenic
usage. Furthermore, no designs either in the concept or in the development
stages, except as noted in Paragraph 3.7 herein, were identified which have
he potential of meeting the two percent goal.

Performance capability of the transducers in this survey are evaluated pri-
marily upon cryogenic tenperature capbility, since this is cthe single per-
formance capubility which current technology camnot satisfy for potential
future needs. Cf the total nutker of units indicating cryogenic temperature
capability, only four manufacturers' parts are rated as operable in the liguid
hydrogen range. These units are:

ME Electronics, Series 172 Strain Gage, Bended

Bell & Howell Type 4~361 and 4-356  Strain Gage, Unbonded

-Kistler Models 601 and 603A, 603H Crystal

Genisco Models 103, 419, 513, 519 Strain Gage, Bonded
and 923

All other remaining units are rated to -320 F with the Kistler Model 606
rated t» =350 F. pNot all the instruments listed as operable in the cryogenicz
temperatwre range are rtamperature canpensated over the full range. This may
be due more to a convenience factor that to a capability factor. Since cryc-
genic transducers must pe considered specialty items and irstruments are
usually purchased to custamer specifications even though the instrurents are
basically considered off-the-shelf. Manufacturers indicate that temperature
canpensation can be provided for almost any operating temperature over the
operable range. For carparison purposes, a tabu:ation is made for three
typical instruments which are temperature campensated. The values are based
on the assunption that instrunents are calibrated at 77 F and operated at
=300 P. Also, that the transducer temperature is uniform and stabilized at
tne temperatures indicated.

Manufacturer ‘ Exror (% FS0)
MB Electronics 5,6
Statham 7.5
Kistler ) 3.8

The values point out that under the conditions specified, the errors exceed
the value established as a design goal for this investigation. In the case
where the transducer is calibrated at =300 F and cperated at this temperature
under unifom and steady=-state conditions, it is expected *hat the tarpera-
ture errcr would be reduced to a value approximating roam tarperatures values.
Unfortunately, in real applications, this ideal condition cf a steady-state
and uniform temperature environment is a rare conditica. Qe of the few
applications where this environmment may exist is an installaticn where the
transducer is located internally in a prupellant tank. Under tanked condi=
tions the transducer operates at the cryogen tamperature.

The largest number of cryocenic pressure measuranents involves installing
the transducer external to the tank or feeline such that the transducer is
exposed to the ambient temperature enviromments. For these applications,
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temperature gradients from the sensing end %o the connector end exist s a
function of many variables. Purimarily the ambient terperature, e trans-
ducer size and mass, and the insulacion provisions are irportant influencl g
factors. For purposes of this immediate discussion, it is encusn 1O xnow
that thermal gradients exirt and that twse gradients conurib wr pra~
ture induced errors. Trne following discussicns provide the details on the
significance of taese gradients.

3.4.3.1 Teamperature Gradient Effects

In a paper by Mi. lecn Horm [16], the conclusion was made based on test results
that thermal gradients can cuuse variations in the zero shift un to Lu0 ver~
cent FSO with transducers that indicatad less than siv mercent snift in
standard steady state temperature tests. Mr. Horn, working wits transcloers
whese tyrical zere shift was between 0.01 percent to 0..2 percent FSO,F for
wiifom temperature conditions, found that when instrawnts were testid

such that cnhe surface of the transducer was exposed to a et maliar s the
opwosite end to a cooler envircament, tiw temperatire Camensation wds itself
the cause of a zerc shift large encugre to invalidate any tests being porforved,
since the tanperature-campensating network was not at the same tunpurature as
the active elements of the device. He concluded that the totul Zer: shift can
pe considerad to Le made up of two parts; cne, the normal shift due to the
temperature on the face of the transducer and the cother due to the gracdient
which was fouxd to account for almost five times the error in at least ons
test transducer.

2 test was canducted by Mr. Horn using an electric seldering iron as a heat
source, and the heat was transferrec to the transducer oy thermal contact to
an installation plate. A maximum front surface temperature of 660 F was used
with a heat output of 3 cal/an?.

The test was designed on the kasis that a temperature gradient was developed
within the pressure transducer that is similar to the gradient expected under
field conditicns. Also. the test was designed to measure the timc-temperature
constant of the test specimen transducers. Excerpts from Mr. Horn's test
report are previded below.

Fioure 3.4.3.1-1 shows the results of tamperature tests to determine the zero
shuft in the calibration of one particular temperature-cammensated pressure
wransducer. The instrunent was adverctised as having an allowable zero shift
of 0.02% FSO/F fram -45 to €00 F. The instrument was found to ozerate within
the indicated Limit for uniform steady-state tamwperatures. One finding of the
program was the fact that the transducer response to dgradients was not gredict-
akble fram specification performance values.

Figure 3.4.3.1-2 shows the zero shift of the same transducer as a function of
tume and tamperature and thermal gradients as listed below:
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Figure 3.4.3.1-1.118] pressure Gage Zero shift (Gradients)

Quxrve Transducer Max Temp Conditions of Test
NO. Code o Face (F) Back Surface

1 A-3 300 Cool air on back

2 A-3 375 Exposed, o cooled
3 A-3 380 Cool air on back

4 A-3 530 Exposed, not cooled
S A-3 545 Cool air on back

The difference between Curves 2 and 4 is the result of increasing the initial
terperature and the flux rate of the heatar. The transducers wure allowed to
approach the temperature of the heater as rapidly as their design would permit.
Curves 1, 3, and S differ in the fact that cooling air was blown across the
back surface of the gage, thus:causing a larger gradient to be estaplished.

A camparison between air-cooled and normal gage installation at one input,

Curves 1 and 2, and those at a higher input rate and temperature, Curves 4 and
S, indicated that: (a) the zero shuft for a gradient is far more than that
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@xﬁicated by the uniform steady-state tamperature tests; (b) coolirg the back
increases the eventual zero shift, although for the same input, it reguires a
lenger time for the maximum to be reached.

ﬂ 48 -
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Figure 3.4.3.1-2.[26] pressure Gage zero calinration (static)

The rate of zero shift is related to the heat flux input and the amount of zero
shift is related to the gradient established. ’ .

A study of the results of a number of tests with different transducers indicated
that the time to produce the maximum gradient for a normally installed pressure
transducer was a constant of the design and material and was not altered by the
heat flux rate for the tamperature range studied and the materials encountered.

Figure 3.4.3.1-3 is an enlargement of the initial response of the particular
srooth diaphragm pressure transducer enclosed in the dotted regicn in

Figure 3.4.3.1-2. The trace is shown as dotted for the first second, since the
resolution of the output is not sufficient to detemine the precise value of
the zero level within this period of time. The negative shift followed by a
recovery was apparent in every run, although the time to reach a mirumum was
not certain. The effect was similar to what is inown as “oil-canning” and
was followed by a relatively rapid recovery. For a period of almost five
secorxis, no valid data were ohtained. The heat flux input seemed to

alter the response in a repeatable manner; curves 4 and 5 and 2 and 3 are the
results of similar heat flux input.
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Figure 3.4.3.1-4 shows the results of maintaining a heat source on tne active
surface of the transducer while a stream of cooling air was maintained across
the back of the sanre transducer. At the end of ten min:tes the transducer was
approaching a steady-state condition with a zero shift ¢f almest 47% of full
scale. At the eni of 30 minutes the zero shift hed stabilized at 48% cf full
scale and appeared to have reached a condition of equilibrium. The cameitions
for this test were the same as for Curve 5, Figure 3.4.3.1-2.

Figqure 3.4.3.1-5 is a typical output of one transducer; but in addition to the
zero shift, the temperature values of ooth ends of the transducer are shown.
For the particular unit tested, the back surface showed a change in its rate
‘of temperature increase at about 51 seconds. This time was the same as long as
ane did not alter the general configuration of the test equipment.

Changes in the rate of heat flux or the temperature of the ,hea&e;' did not c,Eanqe
the time for this event within the range available (0.8 cal/ar® to 8 cal/am”).
Within measurement accuracy, all that increasing the energy input did was to
increase the slope of the zero shift curve and to increase the gradient maximam.
G this graph an arrow mark indicates the time of the zero shift maximunm.
Transducer A3 was used for this test with the front face exposed to 250 F and
the back exposed bt not cooled.

TEMPERATURE F

-5 .

L i i b

{ 1 i A Kl

0 17 34 61 68 85 102 119 136 153

ZERO SHIFT, % FULL SCALE

TIME, SECONDS

Figure 3.4.3.1—5.“‘6] Temperature Gradient Effect on Zero Shift

Fijure 3.4.3.1-6 represents the data orbtained from tests of three different
transducers. A and B are unbonded strain gage pressure transducers by “wo
different manufacturers. Both checked out as anticipated based on manufact-
urer's data for the uniform temperature test, but B continued to hold

well within the sane limits when exposed to thermal gradients, while A
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responded with a large zero shift. Curve C represents the response of a
differential transformer pressure transducer.
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Figure 3.4.3.1—6.[16] Thermal Response

Conditions of the Figure 3.4.3.1-6 test are as listed belcow:

Curve  Transducer Max Temp. Conditions of Test
/ on Face (F) Back Surface

A a-3 250 ’ Exposed, not cooled

B B-11 300 Exposad, not cooled

c B~12 212 ! bxposed, not cooled

Figure 3.4.3.1-7 illustrates same of the wide variations found in the reacticns
of flat diaphragm pressure transducers to thermal gradients. The unit shown
on Curve B indicated normmal operaticn in the standard furnace temperature

tests both before and after a themmal gradient test was applied, but it

became inoperative during a gradient test in less than 20 socands. When
exposed to a thermal gradient of more tnan 83 F, there was more than & 100% -
FS zero shift.

The lower dotted curve is another pressure range of the same series fram the
same manufacturer with still another kind of response to a gradient. This
gage did recover and after 40 seconds was within the zero shift limits for
successful uniform temperature campensation.

Conditions of the Figure 3.4.3.1-7 tests are listed below:
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Max. Temp. Conditions of Test
Curve Transducer on Face (F) Back Surface
A B-13 200 Exposed, not cooled
B B-8 230. Exposed, not cooled
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Figure 3.4.3.1-7.° 16] Thermal Response

Based on the test results, the conclusions reached by Mr. Horn are:

a.

Flush~mounted pressure gages may check as fully temperature-campensated
during standard temperature tests and still show zero shifts of up to
100% FS for thermal gradients within the operating temperature ronge of

the transducer.

The reaction to thermal gradients for presumably similar presssure gages
made by different manufacturers is so diverse that it masks differences
that may exist due to types.

Each transducer tested had a "time to maximm" zero shift. This "time"
was a constant for a particular transducer design and material. It was
not altered by changing the flux rate.

Although the rate of energy input and thermal flux density influence the

magnitude and the time it takes to reach a given gradient value, it is
the temperature gradient that is responsible for the zero shift of the

instrument. .

-N - SD72-5A-0156-1

R STV Y PRIV,



% Space Division
North Amencan Pockwelt

e, For a steady-state gradient there is a fixed zero shift.

f. Cooling the back surface of the transducer increases the thermal gradient
and thus the zero shift.

"Qil Canning,” when 1t occurs, causes a self-reversing zero shift
during the first few seconds after the application of a change in
the surface temperature.

The tests conducted by Mr. Horn were all performed at elevated temperatures;
however, the gradients established are expected tou have similar results on
transducers at the low temperature environments. The significant points
established by Mr. Horn are that pressure transducer specification values
under uniform temperature conditions provide no assurance that the lastru-
ments will perform within these specification limits under transient terpera-
ture conditions. Further, he points out that transducers which nommally
operate with a tarperature errcr of approximately six percent FSO over a
given tarperature span may exhiblt errors many times titis value in field
applications where terperature gradients exist.

3.4.3.2 Simulated Field Condition Tests

In another test program conducted by Messrs. Kinzie ard M:..x.v*p'rn/‘r-lsJ , cryogenic
pressure transducers were tested under simulated field conditions. The pro-
gram involved laboratory evaluations of cammercial cryogenic pressure trans—
ducers for performance capability during sudden exposure to liquid nitrogen
and liquid hydrogen temperatures. The purpose of the work was to evaluate
the performance of transducers during exposure to cryogenic tearperature
transients and to develop methoas for improving the performance of promising
models.

The test enviromment simulated by the authors includes two types of field
conditions. The first called Overall Ambient Enviromment (GAE) test simmu-
lated a condition where the transducer was exposed suddenly fram a room

arbient temperature condition to a turbulent external atmoschere at a temp-
erature near the boiling point of liguid nitrogen. This envirchment was
created by plunging a cylinder with a transducer ingstalled into the interior

of an environmental chamber which had been initially stabilized near the boiling
point of liquid nitrogen. The transducer could be made to sense a known
reference presswre in this arrangement.

The second test, known as the Pressurant Fluid (PF) test was designed to simulate
an application where the transducer, installed in the wall of a large pipe or
chamber and initially at room temperacure, is exposed to a flowing crycgenic
liquid. This condition was created by suddenly introducing a cxryogenic liqud
at the pressure port or diaphragm of the transducer. The test setup to simulate
this condition was acoomplished by installing the tast transducer to the under
side of a Dewar with the stream directed at the transducer. This a:rangarmt
could also be modified to test above atmospheric¢ pressure.
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Under the conditions of the Overall Ambient Test (QAE), 26 transducers were
tested, which were supplied by eight manufacturers and ropreseated 12 medel
types.. The authors found a wide variation in transducer respcnses even between
. identical models. Three readily distinguishable signal respoases have been
identified as characteristic cutputs for the instruments in general with one
case where all three responses were evident in a single instrument. The
observeu apparent pressure outputs after exposure to the crycgenic environment
are:

A pronawnced peak of apparent pressure occurring after a few seconds
fraom the exposure and continuing for several minutes.

A second characteristic transient response consisted of a peak apparent
pressure which took many minutes to develop. A number of transducers
displayed both the fast and the slow transient peaks.

A third characteristic occasicnally occurred which consisted of a long
period of drift which continued throuwghout the test for the 20 to 45
minutes.

Pressurant Fluid tests were conducted oan a total of 20 transducers cf ten diff-
erent model types. In general, it was found that the larger, rore massive
units with restrictions to the inlet tube leading to the transduver cavity par-
formexi better cduring the PF tests than during the CAE tests. The flush dia-
phragm units did not perform well during the PF tests, but performed better
during the CAE tests. Flush diaphragn transducers and a fow of the legs pro=-
tected cavity units exhibited apparent fluctuations of several cycles per
secend.

For Pressurant Fluid tests above atmospheric pressures, it was necessary to
reduce the number of units tested; therefore, an effort was made o cloose
transducers most likely to perform well at nigher pressures. A total of

nine transducers were selected from four manufacturers. The PF tests for these
instruments were conducted over a pericd fram one to five minutes anly.

In every case, the magnitudes of the maximum apparent pressure are higner than
the correspanding values for the atmospheric pressure test. It was speculated
that even greater increases 1n apparent pressure would have been chserved
during test of the more massive units had it been possible to extznd tne test
period to same 15 or 20 minutes duration as was done at atrospheric pressure.
The apparent pressure fluctuations observed during the atmospheric PF test
were more proncunced Guring the above atmospheric tests.

Messrs. Kinzie's and Murphy's interpretations of the test results are provided
below. In most cases, the words are prasented verbatim to preserve the accur-
acy of their conclusions.

The authors found three important factors contributing to the transducer tran-
sient performance. They point out that the interrelaticn of each of the three
facturs with each other could not always be determuned ardd that in sare cases
the possibility existed that the transaucer was respondirg tc all thuwee factors
situltaneously. The factors identified are: (1) compensating resistor isola-
tion, {2) diaphragm distorticn, and (3) apparent pressure fluctiations.
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In the firsc case., the authors indicate that all of the transducers which

were evaluated had at least same of the Lridge signal conditioning rosistors
mounted in a manner which thermally separated them from the active strain
gages: and in same cases, the resistors were alsc isolated themaily, by
differing degrees, from the diaphragn and from each other. pon suiden case
exposure to a cryogenic atwosphere, as in an GAE 4est, these resistors cool
much wore rapidly than the active gages. When active compensators are
affected in this way, the accarpanying resistance changes lead to zero shift
and sensitivity changes in the transducer characteristics, and give rise to the
fast transient peak mentioned earlier. The fact that the decree of isolation
of each carpensator can vary may explain same of the complex signal variations
which were cbserved near the start of a number of tests. After a period of
exposure time, the active gages also cool to some degree. Cependang upon the
thermal characteristics of the transducer~simulated structure system, an inter-
mediate condition is reached where a slowly decreasing temperature gradient
exists from the partly cooled stainless steel cylinder (installatien fixture),
trrough the still colder transducer, to the crycgenic atwsphere. The transducer
1s still relatively warm due to the boundary layer tamperaturc drop between the
case and the atmosphere. Only partial temperature ogmpensation can ocour dur-
ing this period, depending upon the magnitude of the intermnal temperature
gradient. It is possible that in some cases, the slow transient condition is
assQciated with this gradient, depending upon the location and manner in which
the conpensators affect the transducer output.

Finally, after many minutes, the entire system approaches the tanperature of
the surrounding atmosphere. The internal terperature distribution of the
transducer changes at an every decreasing rate, the internal tumnperature grad-
ient becomes small, and the steady state temperature campensation error

tetdds to predominate, provided that the surrounding atmosphere remains at a
constant tamperature.

In the case of diaphragm distortion effects, the authors found that thae sudden
exposure of a transducer to liquid nitrogen during a PF test produced samething
more than a simple reversal of the temperature distribution seen during an

QAE test. The iuthcrs point cut that the isoclating of compensating resistors
fran the active gages is not the sole error souwrce. They point out that if
canpensator isolation were the sole error source, a reversal of the polarity
of the peak apparent pressure signal would be seen when the campensators were
warmer than the active gages, rather than vice versa. With sare possible
exceptions due to unusual construction, the canpensators were colder than the
active gages during the OAE tests, and wammer during the FF tests. As seen
from the tables, there are only three transducer models wnicn show a consistent
polarity reversal in comparing the two tests. '

A major contributor to the obgerved PF test results, at lecast where polarity
reversal did not occur, is believed to be the error caused by diaphragm tehavior
during thermal gradient conditions in the diaphragm and its supporting struct-
ure. In such a situation, the diaphragm cools much faster than its supporting
structure, giving rise to thermal stresses. A samewhat similar but less pro-
nounced condition caus wocur when the transducer case is cooled, which inposes
thermal stresses on the diaphragm through the supporting structure. The authors
conclude that the deflection pattern of the diaphragm, and consequently the
zero balance and possibly the sensitivity of the strain gage bridge circuit,

are affected by these conditions.
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The apparent pressure fluctuation conditions observed by Kinzie and Murphy

are believed to be asscciated with temperature shock effects at the pressure
draphragm. This condition is distinguished fram the diaphragm distcrtacon
effects as describald previously by the fact that it is thought to be associ-
ated with localized effects of cryogen turbulence over purtions of che dia-
phragm surface rather than the relatively slowly changing gradient conditions
associated with thermal distortion of the entire diephramm and suppl.ting
structure. The authors point out that it is surprising that this same fluctuat-
1ng condition does not exhibit itself during conventicnal umersicn tests

where the transducer is plunged into a Dewar of cryogen diaphragm—end-first.

Tre zero shift error found fram the simple immersion test for one transducer
is less than five percent FSO. In contrast, the PF test results indacated
apparent pressure values of ~129 to 15.2 percent FSO for the same unit and
-5.51 puxrcent FSO for another instrument which indicated only a cne to two
percent figure wnen immersed.

It is evident that the response of flush diaphragm transducers depends upon
the manner in which liquid nitrogen 1is directed toward the diagtuwaum. Wnen
an immersion test 1s conducted, the diaphragm surface is above the boundary
layer, which ir at first produced by a stable film boiling candition. Afterx
sufficient coolii~, however, transiticn to nucleate boiling cccurs. Finaily,
boiling ceases as the entire transducer reaches liquid nitrogen temperature.
In contrast during the PF test at atmuspheric pressure, a stream of liquid
nitrogen falls upon the diaphragm, at first giving rise to an intermittent
and non-unifomn £ilm boiling conditicn as the mixture of liquid and vapor
impinges upon the diaphragm surface. Even when a relatively deep layer is
establisred above the diaphragm, there must still be considerable turbulenace
campared with the immersion condition. In any case, it is likely that a very
non-uniform and continually changing temperature distribution exists in the
diaphragm, resulting in both thermal stresses and unequal tewperature environ-
mente for strain gages.

A sumary of the findings are provided below:

The authors found that large massive transducers with inlet ports which
had a diffuser protected cavity generally operated satisfactorily for at
least the firs: few minutes after the initial transient temperature change.

Flush diaphragm transducers tested were all fowul to be unsuitable for
pressure measurements under the simulated transient condition of flowing
cryogenic fluids. The instruments tested were found to exhibit ten to
fifty percent FSO or more error for penods of many minutes after sudden
exposure to the cryogenic flow.

It was found that the performance of a transducer oould not be predicted
wder sudden cryogenic flow conditions based on a performance wder a

sudden immersion or dip test, which is cammonly performed as a test enviz -
anent or during the calibration procedure. This finding was most

-75 = SD72-8A-0156~1



U e

applicable to flush diaphragm units which are normally tested by plunging
the transducer into the cryogen diaphragm first; but, it alsc was true for
same cavity-type transducers. ’

Several conclusions were drawn by the authors from the findings.

The performance of existing transducers could be improvea by modification
of the instruments with larger heat sink provisicns. This improverent
satisfies transients cf a few minutes duration.

In the case of new transducer designs, the authors felt that the most
important improvement could be made by placing the bridge temperature
canpensation resistorin the same thermal enviromment as tiwe strain gage
elements. The authors have found that under current practices in the
industry, all cr most of these camponents are installed on a separate
plate or terminal bodrd.

i
Existing flush diaghragm transducers can be adapted for crycgenic usage
by the installarion of a protective cap ahd inlet port ciffuser assambly.

Hew flush diaphragm transducer designs should incorporate provisions

to minimize errors associated with flow conditicns. These design changes
should be made to decrease diaphragm distorticn effects and teo decrease
bridge sensitivity to diaphragm radial temperature gradients.

As a recamnendatiaon, the authors indicate that the use of heat sink protected
cavity-type transducers be used for ligquid hydrogen transient flow conditions.
For applications requiring small transducer sizes, low heat capacity and hagh
frequenc; response and good temperature campensation, Kinzie and Murphy
recomnerded that a new transducer be developed.

3.4.3.3 low Tamperature Jerformmance Evaluations

Messrs. Dean and Flynn{ls] of the National Bureau of Standards evaluated
selected pressure transducers which were specifically advertised as cryogenic
pressure transducers. They found that all of the transducers tested had var-
ious degrees of sensitivity and zero shifts as well as temperature-gradient
effects sufficiently large that the instruments would fail to meet specifi-
cation limits being written by the Space Technology Industry at the time.
Figure 3.4.3.3-1 is presented to show the performance results of a well-known
cryogenic strain gage pressure transducer. The authors indicatz that this
transducer could not be installed directly on the fuel manifold of a liguid-
hydrogen rocket/ engine if meaningful pressure information during cooldown
and startup was desired.

Based on the knowledge that a prublem existed in cryogenic pressure instru-
mentation field, the authors corducted an investigation with the objective cof
obtaining a better appreciation of the instrument des:grers’ problems and also
to develop sare useful suggestions on the proper installation and application
of transducers for cryocgenic pressure measurements.
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Figure 3.4.3.3-1128] Results of a Thermal-shock Test
of an Unbended Strain~Gage
Pressure Transducer Designed for
Cryogenic Service ’

Engineering analysis conducted by the authors for a typical pressure transducer
configuration reveals from equations developed that the expansivaty and
Yourg's modulus temperature coefficients may be calculated fram thye slopes

of the plots in Figures 3.4.3.3-2 and 3.4.3.3-3. They calculate that for
transducer constructed from 410 stainless steel throughout the expan~*vity
value is approximately 0.001%/F and the Young's modulus coefficient for

the deflection members is 0.0l%/F. Thus, the more significant Young's modulus
factor contributes to a sensitivity shift of approximately -3% at liguid nitro-
gen temperatures and +3% at +3C0 F.
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Zero shift, which is the parallel displacement of the calibration curve, is
described by the authors with an equation which establishes the zero shift as

a function of expansivities and length of the ccmponents. hn exarple for

zero shift is shown in Figure 3.4.3.3-4 for a bonded strain jage wransducer.
The authors pomt out ‘that little can be done to reduce the terperatie depend-
ency of Youngy's modulus but proper design can reduce the effocts of e expans-
ivity of the camponeats. Figure 3.4.3.3-3 is a recerd of the terperature shock
of a potentiametric type pressure transducer designed to mininize expansivity
effects. Zerc shift on dipping the transducer into liguid nitrogen 1s less
than 1% FSO. The peaks of the plot were caused by vibration L.saa Lo xeep

the wiper from freezing to the potentiameter.
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Figure 3.4.3.3-518).  zero shift Caused by Thermal shocking
of a Helically Coiled Bourdon-Tube-Actuated Potentiametric Pressure Transducer

The authors indicate that, although the transducer perfommed well with respect
to low zero shift, the instrument was sensitive to cross axis vibration and to
Young's modulus teamperature dependence. The investigator concluded that until
a design car be found that can reduce temperature effects, the best solution
is to avoid xtrame temperature enviroments. The procedure is that when the
pressure instrumentation point is at an extreme temperature, a sense line is
used to a ramtely located transducer. This procedure provides acceptable
data for frequency responses to approximately 10 Hz. The authors point out
that in an actual installation, the velocity of sound is a function of the
pressure and temperature of the measurement and whether it is a gas cr liquid.
In the case where the state of the fluid is variable, rigorous calculations of
the rescnant frequency are not possible. Figure 3.4.3.3-6 shows resanant
frequency values for air based on the length and varicus tamwperatures. The
figure provides same indication of the usable freguency range for a transducer
tube system. The usable frequency range is between one-tenth to cne-thurd of
the rescnance frequency value, depending an the system damping.

L SD72-5A-0156-1

S tems st ety



@t;’f Space Division
é North Amencan Rockwel

N
._sbo; \
"I

| J440 F
200 |\ 'Q‘: , 80 H
, \\\< 280 ‘F|
ey
0

TUBING RESONANT FREQUENCY - Hz

0 1 2 3 4 5 6 7 8
TUBE LENGTH, Ft.

Figure 3.4.3.3-6. (18] Rescnance Frequency of a Tube Calculatea as for an

Organ Pipe

3.4.3.4 Low Temperature Test Results

s'telze.r[n,} in another National Bureau of Standards investigation, verified
that a wide range of calibration variations take place hetween transducers

fram their initial roam temperature calibration and re-califration at liquiu
nitrogen and liquid hydrogen temperatures. The calibraticn variation ranged
fram 2.7 percent of initial full-scale output for thwe instrumant with the
smallest deviaticn to a maximun of 16 percent for the nstrument with the great-
est deviation. Transaucer types tested include capacitanze, potenticmetric,
unbendea strain gage and bondeu strain gage univs. The test data were the
result of a program to estaplish the suitability cf cammercially available
pressure transaucers for cperation at cryogenic tarperatures, especially with
liquid hydrogen. This investigation was initiated to overcome disadvantages

of remotely installing the transducer from the sense point. Same of these
disadvantages are: reduwed frequency response, thermal oscillations, heat leak
through scnse lines, ana potential fatigue failure of sense lines.

The procedure adopted for the test program consistea of calikbrating the test
instrunent at ambient, liquid nitrogen and liquid hydrogen terperatures,
thermal cycling the instruments between 70 F and liquid nitrogen temperatuce
not less than fifty times at a constant pressure, and recalibrating at the
three tamperatures.
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The conclusions resulting- from the test program indicated that the unbordied
strain gage units perfomed best of the units tested, It was concluded that
accuracy results cawparable to room tamperature results could be achieveu

if the instrument was used over a narrow temperature span within the cryo-
genic raxje. In cases where large transient temrerature excursicns were
imposed, the large transient errors made the use of any instrument guesticn-
able.

Of the four types of transducers tested the capacitance design was extremely
temperature sensitive which is what the author expected. The.bondeu strain
gage unit exhibited large calibration changes after themmal cycling and its
zero pressure output aftar return to room tanperature was erratic. Qre cf

© two potenticmetric units showed a mark. . hysteresis at low temperatures ard
the other unit performed with good resuits except for sane non~linearity at
low temperatures after thermal cycling.

Three unbonded strain gage units were tested with ane of the three exhibiting
the smallest error of any of the units tested. iwne of the three units tested
showed any marked non-linearity, although the units showed large transient
errors with thermal gradients. The unbonded units were the most stable during
thermal cycling with the rost stable unit exhibiting a change of approximately
one percent of their initial roan temperature full-scale output. Figures
3.4.3.4~1 through 3.4.3.4-12 show the test results described. The ratio
Eo/Ei indicates output voltage (E,) for two given input voltages (Ej).

3.4.3.5 Piezoelectric Presure Transuucer Evaluaticns

The investigation to this point leads to the identification of specific problems
related to the accurate measurement of fluctuating pressures under transient
cryogenic temperature environments. The previous investigations were primarily
directed to strain gage pressure transducers utilizing campensating resistors.
Piezoelectric pressure transducers do not normally utilize tanperature campensa-
tion provisions other than in the selection of materials and in the physical
design of case, uiaphragm and other structural members. This design should not
be as susceptible to the errors resulting from tumperature grauients as was
found in the previous evaluations.

In a Lewis Res:arch Center investigation [19;( tamperature sensitivity tests
were performed on piezoelectric pressure transducers fram <0K to 477 K by
Messrs. Lloyd W. Canfil and William C. iieberding. The testing was performed
with the setup shown in Figure 3.4.3.5-1. The test specimen transducers were
installed on a manifold which was enclosed in a Dewar. Cryogenic tests were
conductaed by filling the Dewar with the appropriate cryogen, either liguid
hydrogen or liguid nitrogen. A step pressure of approximately 100 psi was
applied to the transducer and to a reference strain gage transducer. Signal
ocutputs were recorded at a time after the pressure step where equilibriim was
reached but before the charge amplifier cutput had decayed appreciably.
Figure 3.4.3.5-2 provides the results of five transducers tested at various
tarperatures and compared with the room terpwrature calibration value. In
addition, the results below were noted.
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The sensitivity at 20K was no more than four percent different from that
at room teamperature.

The sensitivity at 477 K was no more than nine percent different fram
that at room temperature.

The day-to—day repeatability of the data at 477 K was within ¥ 0.5 per-
cent PSO and within cne-tenth of this at 20K.

The change in roam terperature sensitivity caused by large temperature
excursion cycles was negligible,

The last finding is worthy of note for many of the transient response
measuraments. The conclusion reached by Canfil and Wiebwerding is that piezo~-
electric transducers appear particularly good for low-tenperature applicaticns..

It sivuld be pointed out that the test procedure utilized for this investigation
is equivalent to a wiiform steady-state temperature enviromment. This test
doas not establish the gradient condition of the previcus two studies. As

was pointed cut earlier, piezoelcctric transducers should not pe as sensitive

to gradients as the temperature campensatal strain gage instrunents since no
campenisation camponents are used. The unknown factor is the strain effects

on sensitivity due to uneven temperature distribution throuwghout the body of

the instrument. The smallness of these transducers should help in alleviat-

ing this problem by adequate insulation designs. It is quite possible the piezo=-
electric pressure” trxansducer is the most accurate instrument available on the
market today for the measurement of cryogenic pressure fluctuations in a close~
coupled application cperated in a transient temperature enviromment.

Piezoelectric transducers cannot be utilized in the application of most static
pressure measuranents; however, it is capable of measwring hicher frequencies
with greater accuracy over a wider range of pressure levels then any other
current designs. As the authors of the lLewis Research Center report point out,
a typical piezoelectric transducer coupled with a charge amplifier is capable
of measuring fram less than 0.1 Hertz to tens of kilohertz and over a range
of full-scale pressures differing by a factor of 1000 with a constant accuracy.

3.4.3.6 Thermal Shock Tests

Another instrument type not discussed in much detail to this point is the
potentiametric type pressure transaucer. This investigation has uncovered
only a single source for this design available as an off-the-~shelf item,

It should be noted that the Bourns instrument identified in this study does
not incorporate a temperature campensation resistor. This feature should
eliminate the same gradient error source seen on temperature campensated strain
gage designs. Jormally, potenticametric pressure transducers cannot be expected
to perform exceptionally well under envircmmental extrames of vibration aw
tarperature for the reasons explained earlier in the description of these
devices.
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Figure 3.4.3.6-5 Thermal Shock Test of Schaevitz P478 Pressure Transducer
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In a test program conducted at the Cryogenic Engincering Laboratory of the
Wational Bureau of Standards by Mr. J. W. Dean [20] room terperature trans-
ducers were plunged into a bath of liquid nitrogen. Transient and steady-state
outputs of each transducer were recorded throughout the test with a reference
atmosphere pressuce applied. The results of this test were surprising in

that the potentiametric instrurent perfoomed with the smallest transient
temperature error band when subjected to the severe tamerature shock of this
test. The results for each test specimen transducer are provided in

Tables 3.4.3.6-1 and 3.4.36~-2, and Figures 3.4.3.6~1 through 3.4.3.6-6.

It must be concluded that the same temperature gradient problems seen in
previous tests were seen during this test to cause the strain gage units

to exhibit large error values. The significant point rade apparent by this
test is that the potentiaretric transducer exhibited a maxirum errcr of ten
percent FSO. This result indicates that a potentiametric transducer could be
installed in a cryogenic transfer line without regard tn temperature stabiliza-
tion and still provide a measurement accurate to 7 10 percent FSO! Further
accuracy umprovements might be expected with transducer calibration performed
uder conditions simulating the measurement envirorment.

io correlation can be made for the potentiometric unit tested in the NBS
investigation with the Bourns unit of this evaluation since considerable difi-
erences exist between manufacturers. There does appear to be a correlatior
with the results of the INBS test unit with the potentiometric unit tested by .
Kinzie and Murphy. In the Kinzie and Murphy test, the two transducers tested
under QAE conditions exhibited a maximam of 7.5 and 12.3 percent FSO apparent
pressure error. The values are close enough to the IIBS test to offer same
. indication of the error magnitude which can be expected. Static calibration
tests under uniform steady state conditions imiicate that the Bowrns unit
exhibits less than a four percent difference fram an ambient calibration run.

3.5 OXNCLUSIONS

This investigation had the cbjective of locating a pressure transducer capable
of a measurement accuracy of two percent full-scale output under any of the
transient cryogenic temperature and pressure conditions which could be
encountered in a space vehicle application. It was recognized at the onset of
this study that this problem was more camplex than merely conducting a search
for a manufacturer's part advertised to meet the two percent accuracy require-
ment. Researchers have uncovered many cases where the performance results
indicate the complexity of making these measurements. The performance of
transducers shows a wide variation between instruments and instrument types,
but certain facts have been established by investigators which provide clues
for design engineers on the proper selection and use of transducers for specific
measurament conditions.

A review of the research werk discussed in this report reveals several import-
ant facts or trends established fram test results, analysis and findirgs.

Horm's tests revealed the importance of thermal gradients as an error con-
tributing source. Kinzie and Murphy verified the importance of the location of
the temperature compensation resistors in strain gage transducers and they iden-
tifiad the error characteristics of transducers under specific tamperature expos-
ure conditions. Dean and Flyin's anaiysis established the potential error
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magnitude due to expansivity and Young's modulus temperature coefficients.

The Princeton study pointed out the importance of the flush diaphragm transducer
for making high frequency response measurements accurately. The WBS study by
Smelser identified the merits of the straln gage pressure transducers for cryo-
genic measurements and the Lewis Research Report pointed out the special per=
formance capability of the plezcélectric transducer. Dean established the limi-
tation of a potenticmetric transducer for cryogenic service. The results of
these investigations identify techniques, designs and applications which lead
to the best ucilization of existing instrumentation or identify design feat-
ures found to be advantagecus for a new design transducer.

The principle error scurces found by the investigators are the tamperature grad-
ient across the body of the transducer, the change of Young's Modulus coeffic-
ient and the necessity of a flush diaphragm for high response neasurements.
Terperature gradient effects can be minimized by relocating the campensation
resistors in the same thermal environment as the strain gages ard by selecting
materials and designs which minimize thermal gradients and thormal gradient
effects. Insulation of the transducer further reduces external envirommental
effects and tends to stabilize transducer body temperatures to a uniform value.
Provision for Yourng's Moaulus ccefficient change can be minimized by calibra-
tion procedures suitable to the using cordition and by bridge circuit compensa-
tion technigues. Practically all manufacturers calibrate their instruments
uder a uniform steady-state temperature condition. This fact is not surpris-
ing,since the cryogenic application provides an infinite number of possible
environments and a closed flowing cryogenic system is hazardous as well as
expensive to operate. The prcoblem resulting fram this calibraticn procedure
is that in field applicaticns a uniform steady state environment rarely exists.
The cammon application is one where a temperature gradient occurs across the
body of the transducer with the front face being much colder than the aft .
face.

Regearchers provide substantial evidence that temperature gradients result in
the single most important error source for transducers, especially on instru-
ments which incorporate temperature campensation resistors as most strain gage
pressure transducers do. An important first step in obtaining transducers
capable of accurate measuraments under transient temperature and pressure
enviroments is to reduce the gradient enviroment or to utilize the gradient
in the calibration procedure. In the first case, insulating the transducer to
minimize external environmental influences is cne approach. 7This procedure
would be most effective in applications where the transducer :is at or near the
cryogenic temperature, and pressure fluctuations do not result in temperature
variations much beyond the cryogenic range. Such a measurement would be like
D266~206 (LOX surp pressure) (See Figure 3.2-3). The tank liquid provides a
near infinite cold source and if the transducer is close-coupled to the sense
port and carefully insulated fram the external environment, it should operate
within a narrow tenperature band near the cryogen tamperature. If the trans-
ducer for this applicaticn is calibrated at the cryogen tomperature either
with the transducer at a uniform and steady-state temperature or under a con-
dition simulating the actual installation environment, little temperature
sensitivity error should result. The degree of accuracy raguired would dic-
tate the degree of precision in duplicating the actual using condition.
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Unfortunately, most measurements present a more difficult enviromment than the
10X surp measurement. In almost every case, the cbiect of atteroting to main-
tain a uniform and steady state temperature of the transducer can hetter oe
achieved by carefully insulating the transducer to reduce the influence of
the external envircmorent. Each, applicaticn, meaever, muct be svaluated
irdividueally. The decision to insulate or not to insulate and even tis
degree of insulaticn must be pased on the design goal of attempting to muni-
mize temperature gradients across the body of the transducer.

A second approach is to calibrate instruments under the same temperature con-
ditions as the using environments. The dugree of simulating the actual tamp-
erature envircnment depends greatly umon the transient conditicn and the range
of temperature which occurs. If there are rapid and wide termperature and press-
ure fluctuaticns, little can ke done to simulate this envircament during the
calibration procedure. If the actual using environment remains relatively con-
stant or an occasional transient occurs, this condition can he simulated in
the calibraticn procedure. In any case, almost any attempt to dugplicate a
using enviranment during the transducer calibration should lead to more accur-
ate results than the procedures used currently of calibrating instruments uncer
a uniform steady-state temperature envirciment.

In an application where temperature fluctuations occur as a short-duration
transient, such as in a feedline where a valve is sudcdenly opened to admit the
cryogen, the use of a transducer with the inlet port which has a diffuser
protected cavity performed better than other designs during the initial sev-
eral minutes after exposure to the cryogen. In the Kinzie and Murphy test
program, three transducers provided by one supplier performed better than any
- other instruments tested. The authors found after disassembly of the three
test specimen transducers that the units were constructed to isolate the
interior of the transducer as thoroughly as possible from transient tamperature
conditions in both the pressurant fluid and the overall envirorment exposure
conditions. The transducer with heavy wall construction of the czse provides
a relatively large thermal mass and tends to smooth out temperature varia-
tions which would otherwise affect the electrical system. Another design
feature of this transducer was that the strain gages were installed on the
deflection beam instead of directly on the diaphragm which provided additional
protection against diaphragm temperature variations. The diaphragm was also
protected by a tube-anu-cavity design with a large porous diffuser in the
cavity inlet tube.

The use of this type of transducer seems to hold promise for measurements where
an infrequent pressure-temperature transient occurs over a short duration of
no more than several minutes. There are, however, several potential problems
to consider. ‘ .

Tre transducer performed well with respect to the apparent pressure test because
of the thermal mass associated with the heavy wall constructicn which tended to
smooth out the temperature variation which could affect the electrical system.
This very fact may be an error source for the measurement. Assuning a condi-
tion where the transducer walls act as a heat source, it follows that the boil-
ing of the cryogen takes place when a sudden surge of pressure occurs by intyo-
ducing the cryogen into the transducer diffuser and cavity area. If the actual
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response of the transducer with respect to phase and amplitude were monitored
closely during the transient pericd, it would most likely be fourd that there
is considerable distortion i1n the measurament with respect to the reference
source. The evaluation of transducers for these performance parameters can
cnly be acooarplished by a dynomic response test.

At the Glx]qenhgjm Laboratories for Aerospace Propulsicn Science at the Princeten
University (¢l] a survey was conducted to establish the need for transient
pressure measurements in present and future liquid prepellant rocket systems,
and research was performed tnat would foster the development c¢f advanced trans-
ducers for making such measurements. (uotations taken frum the report are
presented in the follawing text to emphasize the fact that any conrecting tub=
ing or other voids or chambers between the sensing element, of the traansducer
and the measurardd will cdegrade the measurements results to sare extent.

"The fundamentals of vibratory motion of an elastic system, such
as a transducer, and of an acoustic system, such as any coinecting
fluid-filled passage, musk be kept clearly in mund to understand
the dynamic response of transient pressure measurement systems,
When pressure variations have a relatively slow rate of change,
almost any system will display an cutput that follows the change in
pressure very clcsely. As the rate increases, even specially
designed systems will respond dynamically and will no lonaer repre-
sent the higher frequency inputs with fidelity in either amplitude
or phase." -

"To obtain the utmost fidelity in the measurement of transient
pressures, the sensitive element of the transducer, usually a
diephragm, must be mounted flush with the wall of tie chamber in

- which the pressure transients are occurring.”

Thus the evidence provided by researchers establishes the fact that for high
response pressure changes only the flush diaphragm transducer configuration
should be considered where maximum accuracy 1is required. The transducer types
which lend themselves to high frequency measurements are tne strain gage and
quartz crystal transducers. Of those two the piezoelectric transducers are
limited to dynamic response measurements only; therefore, where a single
transducer is required for the measurement of bcth static and dynamic responses,
the strain gage transducer is the only good campromise available.

Perhaps the rost significant point made apparent bv the investigations of
researchers was that the temperature compensation resistors were the largest
contributor to temperature sensitivity error when they were not located

in the same thermal environmeat as the strain gages. The survey of
manufacturers' parts revealed that all of tiie supbliers of this inwvestigacicon
located these campensating resistors near the connector end of the transducer.
Several good reasons ave apparent for this procedure; hrwuver, the transducer
bacames highly susceptible to thermal gradients. A significant step toward
correcting temperaturs sensitivity errors would pe to lecate the compensation
resistors in the sare thermal environment as the strain gages. All of the
rescarchers who have identified this problem appear unanumous on their
recammendations for this change.
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Further evidence fram research work provides information that the greatest
error in pressure measurements occurs during the initial period immediately
following the exposure of the transducer to the cryogenic media such as may
occur after a pressure surge in. the system. This fact points out tie finuings
that the wneven tamperature distribution within the diaphraam, the case and
the compensation resistors are the major source for the transuucer errcr.

This fact verifies the conclusion that a transducer capable of reaching a uni-
form temperature rapidly will reach a stabilized output rapidly.

An ideal transducer Zesign is one which has an infinitely small mass which has
the capability of following temperature fluctuations nc:arly instantaneously.
Suwch a design,of course, is impossible to create and the gesigner can cily
approach this design goal with a transducer which has a minimum thermai nass
and small size.

In addition to the thermal mass of the transducer, heat transfer: properties

and the coefficient of expansion of transducer miterials play an important influ-
ence in minimizing thermal stresses of transducer components. Good design prac-
tices for transducers utilized in temperature extremes, provicda for the optimum
heat transfer and equal expansion ccefficients for critical sensor camponents.
These design characteristics are achieved by providing heat transfer paths in
keeping with a desired result such as providing uniform heat paths for unifcrm tempera=
ture distribution or adjusrting the cross-sectional area for a non-uniform
distribution. Surface areas of the corponents provide another area for con-
sideration. Component expansion and contraction campatibility problems are

~ usuaily resolved by the selection of common or similar materials for the critical
sensor camponents. The Kinzie and Murphy investigation points out the error
resulting from diaphragm distortion effects and thus provides a case for
concluding the advantage for relatively thick diaphragms or even diaphragns
machined integral with the case. The thick diaphragm design is, of course,
contrary td a low thermal mass design and this would be an area where a design
tradeoff would be made based on test results.

Amother highly desirable design goal which aids the thermal gradient problem
is te reduce the length of the transducer, since thermal gradients result
from temperature differentials and the tarperatur> differential is a function
of the distance fram the cold source to the point of interest.

3.6 RECOMMERDATIONS
For a transducer capble of 'neetan the tamperature sensitivity goal of this
investigation and which is small and capable of both stcady-state and high
frajuency response measurements, the recarmendation is made that a new trans-
Jducer be developed. The new transducer design should incorporate all of the
desirable design characteristics found by researchers. These are:

a. Flush diaphragm design with diaphragm machined integral with the case.
b, Small case size with short body length and low thermal mass.

c. Strain gage design with gages mechanically coupled to the diaphragm in an
unbonded configuration
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d. Tamperature compensation circuitry located in the same thermal environment
as the strain gages.

e. Transducer installazion provisions which facilit.te insulation provisions
and minimize thetmal gradients.

Figure 3.0-1 represents a configuration which incorporates these desirakle
characteristics.

For measurements requiring the best possible accuracy obtainable under the curr=
ent state-of~-the-art for hoth aynamic and steady-state raspenses, the use of two
transducers 1s recamendsd as the solution. With this cesign apprecach, a
‘close-coupled transducer installed on the pressure rort would measure the
dynamic responses and a rawote tranducer installed av the cnd ol a sense line
measures the static cressure levels. The advantage for w5 dosign approach

is that the ramote transducer <an be protected from terperature transients;

thus it is less susceptible ro large-scale errors. Secendly, for this type

of installation the piezoclectric transaucer design lerds itseif especially
well for monitoring the dynamic responses. Since the piezoelectric device des
not respond to static pressure levels, it is not susceptible to zero shift
errors. For high frequency pressure measurerents, the crystal pressure trans-
ducer offers more desirable features than any other design available today.

Table 3.6-1 surmarizes recammendations for transcucer types and application pro-
visions for four generalized measurements. The recormerdations are based on
currently available equipment. The expected accuracies specified are estimates.

3.7 Survey of New Designs in Work .

The results of the inguiry submitted tomanufacturers reveals that virtually no
research and development activity is being corducted for the development of new
designs specifically for cryogenic space service. The investijation has uncov-
ered at least two cases where .ASA-sponsored programs have asherated activity in
the past. The first reference source,[22] describes the activity over a period
April 1965 through October 1367 for a program entitiw: "sStudy and Investigation,
Design, Development and Pabricaticn of a Cryogenic Pruss e rasducer.” The
secari reference source [23] is a recent proposal for a flangu-mounted absolute
pressure transducer designed for operation at crypgenic tumperatures. Wo attempt
will be made to describe either effort, since tiw work was accamplished under
WASA sponsorship.

With respect to currently available designs, the thin film deposited strain
gage design erployed by Statham Instraments, INC. reprvsents a relatively new
approach with cryogenic capability. Statham has developed a low-tenperature
coefficient deposited gage in addition to maintaining wery closely matched
gages. Statham reveals that data taken to date have been very promising, arxi
it appears that a ¥ 2 percent error band to =453 F is within close reach. In
addition, transdicers are being developed with dual briwces for reduncancy.

The thin film process lends itself well to the dual briuge wesign since both
bridges are simultaneously deposited an a cormon substrate.
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4.0 HIGH PRESSUFE FLANGE SEAL INVESTIGATION

Cor.sideration of a high pressure (5000 psi) transducer for cryogenic appli-
~ations whose desian concept utilized flanged mounting precipitated this
investigation, The flange mounting allcws for a low profile envelcpe thus
minirizing tenperature aradients and facilities insulaticn of the mounting
surface. The flange mounting also minimizes torsue sensitivity of the
transducer mechanism during installation. 2Adequate sealing of the trans-
ducer becomes an important consideraticn. This investication primarily
addresses itself to the search for a metallic seal to attain cptimm sealing
for the temperature and pressure application. The size range of such a seal
is restricted to seals of 2 inch ocutside diameter maximum.

‘4.1 2PPLICATICN OF HIGH PFESSURE FIANGE SEALS

Usually, flarged comnections are loaded by internal pressure that tends to
separate the two interfaces. Bolts are preloaded to counteract the separating
load and minimize, if not eliminate, separation of the two flanges. The
flanges must be sufficiently rigid to carry the separating load with a minimm
of deformation.

The seal must provide the required contact intimacy and must also be structur~
ally capable, either by itself or with the flanges, of maintaining contact
under all operation oonditicns.

4.1.1 Series vs Parallel ILoading

In the series-lcaded connector (Figure 4.1.1-1) fasterer load is carried

.entirely throuch the sealing element, usually a flat casket. The flanges do

not contact each other. Thus, sealing stress depends on initial bolt torgue,
extermal loads, and fluid pressure.

A parallel-loaded joint transmits the majority of the bolt load directly
through the flange faces: only a small percentace of the lcad is absorbed bv
the seal. The required sealing contact stress is cbtained by seal deflection,
indeperdent of bolt torque and pressure (discounting any pressure energizina
effect), and remains constant as long as the flanges are in contact.

4.1.2  Metal to Metal Sealing

thder maonification, irreqularities in the smoothest surfaces look like
mowntains and valleys to a gas molecule. Even when two "£lat and smooth"
surfaces are in contact with each other, cnly a small percentage of the
surfaces are in intimate contact. Centact can be increased by increasinag the
load normal to the surfaces, but unless the surfaces are extremely smooth, a
large nurber of leak paths exist,

A nore practical approach is to fill the microscopic valleys in the faying
surfaces rather than try to flatten the peaks. Mcst metal seal designs
incorporate a soft, deformable coating on the sealina surface. Performance
depends upan the degree of contact between the soft seal surface and the hard
flange surface.
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FLAT GASKET

METAL SEAL
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SERIES PARALLEL

(24]
FIGURE4.LI-1 SERIES AND PARALLEL-LOADED JOINTS. THE JOINT LOAD IS
TRANSMITTED THROUGH THE GASKET IN THE SERIES-LOADED
JOINT; IN THE PARALLEL JOINT, MOST OF THELOAD IS CAR-
RIED THROUGH THE FLANGE
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4.2 VZRIABLES RFFECTING SEAL QUALITY

The leakage rate for a seal depends on fluid proverties, sealing surface
tepogranty, pressure differential, hardness of the sealira raterial, and
sealing ccntact stress. The nature of the redla to te sealed is dictatod
bry the applicazion; the variabies are the specitic scel to be used and the
flange surface finish.

4.2.1 Surface Topography

Five parameters campletely describe a flance sealine surface. They are
reughness, flatness, waviress, lay, and discontinuitizs. “hersas ail
influence sealirg performance, roughness, lay, and discentinuities are the
rost important.

Foughness is the microscopic peak and valley deviation from ar average. A
smoother finish improves performance, but increases the oost. 3 32 micro-
inch (M in.) fiaish is consicdered the rost practical oconpromise.

Lay, vhich is the directicn of tool marks, may be undirecticnal, multi-
directional, radial, or circumferential, depending on the manufacturing
method. Turning is the mest practical method of machining a flange surface
and usually results in a circular lay which is alsc ideal frum a sealing
standpoint. If a surface cannot be machined with a circular iay, it must
be made amoother to cbtain the same pariormance. ror example, a 32 in.
circular lay is sametimes considered the equivalent of an & in. multi-
lateral finish: The strong effect of lay wpon sealina is illustrated in

Table 4.2.1-1.

Discontinuities on a sealing surface will increase suscertibility to leakage.
Nicks, scratches, or severe dips should be explicitly disailcwed cn the
engineering drawing.

The seating load and the contact area determines the contact stress. Defor-

mation of the coating is detexrmined v the yield strength of the coating
material. .

4.3 DESIGN CONSIDERATICNS

The most important design considerations are pressure, temperature, and type
of fluid vealed. These parameters determine the bolting termue, flange
thickness, and materials. Since the bolts must lie outside the wall of the
duct or pressure vessel, there is usually enouch room left over inside the
bolt circle for a resilient metal seal. Other factors which mey influence
the overall flange seal design are:

a. Ease of assembly and disassembly.

b. Cost of initial fabrication or subsequent repair.

c. Provision for checking leaks from the assembled joint.
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d.  Interchangeability of several types of seals in the event that the
first choice is unsatisfactory.

e. lVeight

f. Allowable leakage: Pn obvious, but often ignored, censideration, allGe-
able leakage frequently dictates the type of seal coating and surface
finish required on the flanges.

g. Standa-~dization: If the connectors and seals are standardized for a
systen, joint desicn is reduced to sinply sizing the flanges and bolt-
ing. Many systems, however, involve a wide range of environmental ccn-
ditions and no seal design can be optimum for all arplications.

4.3.1 Factors Affecting Performance.

Ultimately, all that matters is whether or not the seal prevents leakage.
Sealing must be acoomplished with a minimum campramise, to the overall design,
thus, other performance parame’.ers must be ocnsidered.

leakage 15 the criterion most difficult to predict without tests. Many metal
seals are capable of achieving leakage rates below measurablz levels; how-
ever, the penalty in flange loading, extremely smooth finishes or less of
recovery, may be prohibitive. For extremely low leaxace rates (less than
10~8 sce/sec), an all-metal seal is usually requirved.

Seating load is an important parameter in flanged connecticns. The lower it
is, the smaller the required flanges and bolting. &21so, as scating load is
reduced, recovery is increased. Seating load is rormally vpressed in pounds
per inch (lb/in.) of seal circumference and may range from 100 to 300 lk/in.,
depending on the design.

Recovery of a seal is the elastic springback from a fully deflected positicn.
It is usually less than the total carpressicn of the seal and more than the
initial elastic deflection, At least partial plastic deformation is beneficial
since the stresses and strains are primarily flexural and, carkined with work
hardening, result in greater elastic springtack than initial elastic deflection.
Recovery values of 0.003 to 0.010 inch are typical.

Contact stress at the sealing interface partially determines ieakage rate

and is a function of seating load and contact area. The pressure differential
acruss the interface, if high enough, may add or subtract significantly from
the initial contact stress. Values of 10,000 to 30,000 psi are common.

Pressure campensation, sanetimes called pressure energization, pressure
actuation, or pressure assistance, is the beneficial effect of pressure upon
the seal contact. The gecmetry of many seals is such that fluid pressure
augments the contact stress, thus tending to overcome the increased chance

of leakage due to the pressure. But such seals are not actuated by pressure -
they will not seal better at high pressure than at lo< pressure. This is be-
cause the pressure effect 1s neqligible except at high pressures - 1000 psi
or more, A seal that leaks at 10 psi may be expected to leak as a functicn

-

- 118 - SD72-8A-0156~1



% Space Division
W Plorth A aenn Rockoasll

of pressure vp to a maximum, then level off and begin to decrease as tre
rressure effect bectmes significant., Depending on the particulor cecretry,
ti:e increase in contact stress due to pressure will range from cne-haif <o
three times the pressure difference.

Cavity requirements of the seal in the three basic types of installations are
shaen in Figwe 4.3.1-1. Tre installation must provide for correct defl:ction
¢f tha seal, location of the seal, structural suprort for hioh pressure, and
orover surface finish.

To sume degree, all these variables depend cn the specific seal design
selected, but a few gencralizaticns are possible:

a. VWhere a choice exists, specify the largest available seal cross section.
Seal cross sections of 1/32 in. should be awvoicded unless necessary.

b. For low-volume projects, 2xperimental hardware, and frequehtly dis-
asserbled joints, a spacer installation is often most practical. Seal-
ing surfaces are easily prepared and maintained, and different seal
designs are adaptable by using a different spacer.

[ In general, the following surface finishes should be specified:

1. 8 to 16M in. mrs circular lay for vacuum and light gases (He, Hz) .

2. 16 to 32M in, rms circular lay for bubble-tight pneumatic
exhaust-gas service.

3. 32 to 63 in. s circular lay for liquids and non-critical
exhaust-gas service.

d. A groove installation will usually provice maximum performance as it
offers: :

1. A barrier to protect the seal from tﬂrperaéure ard fluids.

2. Maximm cutboard location (minimizing interface separation of
a seal).

3. Maximum damage protection of sealing surface.
4.3.2 Materials
The choice of seal materials is usually determined by the operatino terper-
ature, although corrocsion resistance, fluid compatibility, and radiation
effacts are also major considerations. Most metal seals contain two
materials, a resilient, basic-shape metal, and a soft coating.
4.3.2.1 Base Material

Seals are highly stressed and must be carefully selected to awoid such
rroblems as stress corrosien cracking, fatigue cracking, low or high-
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Table 4.3,2.1-1 (4] Tenmperature Limits of Comron Seal Ma“er:als

Materials Temperature (Dgcrmes Fl
Incanel 718 -423 to +1,400
Inconel X-750 -423 to +1,200

Pene 41 -423 to +1,soc3

17-4 PH -100 to +800

A286 ‘ -423 to +1,200

304, 321 Stainless ~423 to +800

Coating (See YNote)

Silver +1,200
Gold » ) +1,400
Teflon + 450
Nickel +1,800
Copper +1,200
Indium - 4+ 200*

*Primarily used for nard-vaccum applications.

wote: Low temperature properties of coating material should be
compatible with those of base material on which used.
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temperature brittleness, and phase changes. Particular care sheuld be
taken when selecting material for a machined metal seal where these prcblems
are increased due to the reduction of properties in the short transwerse
directicn and potential stress risers due to machining discontinuities.

Comren base materials fall into one of three basic categories:
a. Harderable nickel-base (Inconei 718, Inconel X-750, Pene-4l).
b. Precipitation hapc‘.eninq cres steel (17-4 PH, 17-7 PH, A286).

c. Austenitic cres steel (302, 304, 321). Comenly used for formed metal
se€als where work Lardeninag is empleyed.

High temperature limits of the ooraon base matérials are not well defined
(See Table 4.3.2.1-1). This is partly due to the fact that a resilient
metal seal installed in a parallel-lcad ¢onnector is subject to constant
strain, rather than constant stress, and is thus sublect to stress relaxation
rather than creep duve to high terperature. 2s a fuiction of tume, then, the
ocontact stress may be slowly recuced.

As previcusly mentioned, the initiating contact stress is much higher than the
required maintaining contact stress. & large reduction in conrtact stress dae
to relaxation in the seal 15 acceptableé. In addition, the temperature level
required to cause relaxation in the base material is wsually well above the
amnealing temperature of the plating material. Its yield strength is re-
duced, increasing the intimacy of contact and improving the seal.

4.3.2.2 Coating Materials .

The coating material is usually a pure retal (silver, geld, nickel, or coroer)
or a plastic dispersion coating such as TFE. Coating materials are chosen

on the basis of softness, corrosion resistance, temperature resistance, and
mstt v

The upper temperature limits of platings are even less well established as
that of the base metals, with recumendations ranginag from ius: undew their
annealing temperature to within 108 F of their meltirg temperatures, a
variation of 1,000 F or more (See Table 4.3.2.1-1).

thlike the base material, the ococating is subject to creep at high temperatures.
Unless the coating is very thin (about 0.001 to 0.002 inch) 1t couid con-
ceivably be pushed out at high terperatures and pressures.

4.3.3 load Pnalysis
The seal cross section can be treated as a simple -antilever beam with an

end icad. 2Assuming substantial plascic deflection, the load-carrying capacity
of the seal can be gpproximated by

P o= R b"“‘..2.
R-W ™
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w?}ere;_ P = unit sealing load, 1b per in. circumference; P = radius of seal
1iag, in.; W= moment arm, in.; S = ultimate strength of material, psi; and
T = thicknesg at critical section, in.

For seals greater than 1% in. OD, the B/ (P.~ W) term approaches wunity arnd
can be droveed. The eguaticon is nor carplicated and mary sirpiifring
assIptiths are rade; however, it 1s useful both for designing seals ard
evaluating designs.,

4.4 TYEES

Pesilient metal seals, criginally ce'mloped for the aercspzoe industry, are
now finding treir way into demandineg, cammercial avplications, These seals
are rost cften used .n extreme terperatures, or when minimum weight is re-
quired.

Pesilient metal seals are capable cf reducing leakace rates below measurable
levels,. "zero leaxage" fur all practical purposes. Under similer ccocnditions,
leakage past nost other static seals is several orders of magnitude greater.
Unlixe flar metal gaskets which have been teste, docurented, standardized, and
reduced to relatively sumple design procedures, experience with resilient
metal seals has been gained hy "cut-and-try" usage and desian is far ahead of
analy+ical techniques. The fundarental sealing phencmenon has cnly been
studied in depth in the last few vears.

Resilient ietal seals corbine the efficiency of elastameric O-rings with the
extended temperature capability of metal gaskets. The basic structural
element is usually a high-strenath metal, and a soft ccatinag of metal or
plasric provides the actual sealing. Like O-rings, these seals are self-
energizing, have small cress sections, require lignt closing forces, are often
zeusable, and have indefinite life. Common cross sections are shown in
Figure 4.4-1. '

Metal seals are scmetimes used to replace 0-rings torextend the temperature
capability of a system or device.

4.4.1 Resilient Metal Seals

Most resilient metal seals incorporate the following characteristics:
a. Low flange loading

L. High contact stress

c. Moderate to hig!;t springback

d. Soft crating

e. Pressurm compensation
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FIGURE4.4-1 TYPICAL RESILIENT METAL SEAL CROSS SECTIONS
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& soft epring (low flange loading) with relatively hiah kearing
achieved by minimizing contact width., Seals must tase vp as 1
oessitle in erder to cptaimize owrall connector desim.  Metal
pcrating al. of the above features are avalleble (or oroc.es as
inch deep by 0.030 inch wide.

4.5 CQONCLLSICHS RD PECOAMEDAITONS

This investigation has produced scire basic conclusions recarding utilization

£ flange secals for lich pressure crvogenic applicatiens.  Pos :
seals can be considered as the nmoet pramsing for a oantearnity
for these envircrments. & paraliel lcaded joint {(Fizrare 4.1.1+10 wizh gqroove
type seal ins:tallaticn (Figure 4.2.1-1) should provide the cptimum joint con-
figuraticn. The seal cross secticn and flanags-carivy dirmensicns are net
stancardized and there are no performance cr fecting Stan s oy owhich ey
can be curpared or evaluated. tHowever, seals can te évaluited . several
rethods:

IEVITNT

a. Select a proven seal based on prior knowledge of cerformance in a
similar environment, cr on the techinical advice of 2 reputasle seal
manufacturer., With khowledae of enwvircrnental conditicons, rerformance

ECL T
this approach is quick and least expensive, Table 4.3-1 provides a
list of sources for selecticn of a seal configquw.ation.
b. Test one or nore seal designs. When confidence in a seal's per-
formanes is not high, a test program is prckably warranted to in-
crease confidence in the performance of the seal.

¢. Design a new seal where a wnique application or the lack of an
adequate available design may call for a unigue new seal design.

Fecommendations for a flange seal configuration for the application oon-
sidered in this investigation are:

a. Parallel-loaded joint.

b. Groove type gland design.

¢. Metal coated resilient metal seal.

d. Test prrisgram to prove the adequacy of the desion for the application.
5.0 . HYDROGEN EMBRITTLEMENT CFﬂTFANSN.CER METALS

Arong the modern theories for hydrogen emtrittlement of steels there are

certain oorron features. Cne is that there rust be a sourcee ¢f mobile hydrogen,

either gas precipitated in voids or atomic hydrugen in solid ecluticn.
Another is that stress and stress concentrations in the mater:al aic the
mechanism of <he embrittlement process.
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Hydrogen enbrittlement has been classified into three types by researchers
These are: 1) hydrogen reaction erbrittlement, 2) internal hydrogen embr‘.ttle-
rent, and 3) hydrogen envircnment embrittlement.

5.1 HYCROGEN - REACTICN EMBRITTLEMENT

This failure mechanism involves a form of chemical reactinon between the
hydrogen gas and the metal. For exammle, hydrogen reacting with oxygen in
solid ccpper to form 1120, or in steel carbon reacts with hydrogen to fcmm
methane., This type of reaction is prevalent in the yet.olemn industry and
cther chemical industries where the use of agaseous hydrogen at high terper-
ature and pressure is required. This attack of the netal cen be preveinted
by arprooriate choice of steel centaining carbide stabilizers. This parti-
cular mechanism 1s the least important as far as this report .s conoerned
bedause of the high tenperature and pressure ccnditions.

5.2 INTERIAL HYDROGEX! EMBRITTLEMENT

Tris problem is primarily identified with steels but not limited to them,
‘Almest all of the intemal hydrocen found in steel can ke traced to the
steeliraking process. Part of the hydrogen in the melt will be trapped
during sclidification in the ingot and siemificant amounts may be retained
in heavy sections. By virtue of improved steelmaking prucesses and welding
technigues, partzcularly for susceptible grades of steel, this oriuin of
hydrogen has been virtually eliminated.

5.3 HYDROGEN EXNWVIFONMENT EMBRITTLEMENT

Hydrogen envircnwent embrittlement is the third and mest important type for
the purposes -of this report since it duplicates the transducer using con-
dition. This type of embrittlement is associated with a decrease in strength
of a metal or alloy during service in hydrogen (gas or liguid), generally at
high pressure. It is an envirormental effect and occurs only while the metal
is in contact with hydregen.

Within the grouwp of metals susceptible to hvdrogen environment embrittlement
the degree of embrittlement is not predictable. Generally, the nigher strength
alloys can be more embrittled than lower strength alloys. Also, for a given
alloy heat treating to a higher strength level results in a potentially
greater degree of hydrogen envircnment embrittlement.

The first comprehensive report an this subject was by Walter and Charndler in
February 1969 [3I]. The authors established four categories of embrittlement
wpon exposure to hydrogen at 10,000 psi and room terperature. These cateqories
are:

1. Extreme Embrittlement. High strength steels and nickel hase
alloys are in this category. In unnotched specimens, failure
is initiated by one surface crack which propagates into the
specimen.
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2. Severe Ermbrittlement. This category oontairs the largest
number of retals tested including ductiie, low-strength
steels, pure nickel, and titanium allcys. Evbrittlement
is characterized by a considerable reduction of neth
strength but no reduction of strergth of unnotched
specimens.

3. Slight Bxbrittlement. The matastable (tend to trans-
form to martensite during defcrmation) type 200 stain-
less steels, bervlliun-cocper, end comrercially purs
titanium are in this cateoory. Embrittlameat i-
characterized by a small decrease in notch strength
and notched ductility,

4. lNegligible Embrittlement. Aluminum allcys, stable
austenitic stainless steels and copper are in this
category. These materials were essentially um-
embrittled and no surface cracks were cbserved.

It should be noted that all of the information cbtained in categerizing these
various retals was relative to high pressure {(10,00u psi) testing. Scme
ermbrittling phencrena have been discovered at atmospheric pressure, such as
in 4130 steel, but the testing dene in this range is extrerely limited.

Table 5.3-1 lists the results from testing various metals at 10,000 psig
{except as noted).

5.4 PREVEMNTIVE MERSUFES

Protective coatings and the addition of inhibitcors are two basic preventive
measures which can be taken to reduce the probability of hydrocoen embrittle~
ment in metals., Since the mechanism involves permeaticn of the surface of a
metal or alloy, there are certain ooatings of oxides and carbides that can
reduce the hydrogen permeability. The following materizls are listed in

order of lowest permeability to highest coermeability: aluninum cxide, tungsten,
gold, various glasses, turgsten and molyodenum, nickel aluminide, aluminum
solaramic enamel, copper, platinum, and nickel. Carpl:te adherence to the
metal is essential to forming effective hydrogen barriess.

soe investigators have cbserved that the degree of hydrogen environment
embrittlement is reduced when impurities are present in the hydrogen environ-
ment, Irpurities such as a‘r, nitrogen, oxygen and argen wers tested for
embrittlerent inhibiting capability by Hoffman and Fauls (32].

Their results showed that the addition of argon and purufied nitrogen did not
reduce embrittlerent. It was suggested that the oxyoen content was a factor
in reduction of embrittleament. In their test on (X 22 (a 22 percent carben,
plain carbon steel) in 1470 psia hydrogen, an oxygen content of 1 percent com~
pletely eliminated embrittlerent.

This impurity factor appears to be of least significance in embrittlement of
high strength steels. Sawiki ard Johnson {31] found that embrittlement of
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high strength steels by hydrogen at atmospheric pressure is nct influcnced by
oxygen contents of less than 200 opm. Tney concluded that the inhibiting
influence of oxygen is a function of its absolute partial pressure rogardless
of the tctal pressure of the system.

There ars four tyves of cleaning processes wfud*. are gererally ccnsidersd to
be low hydrogen enbrit l.nq or non~hydrogen embrittling. They are:
mechanical cleamnq, ancdic cleaning, alkalire cleaning, and pidkling in
hibited acics.

The surface roughness of a metal can also influenoe susceptibility to crbrittle-
rent. In general, rcugh surfaces enhance embrittlement. Gher milling, for
wnstance, p:tdu&s a surface which is more susceptible to erbrittlement.
Ketcham [33] reccomends that all high strength steels cver Pci? e baked after
chem milling. This is effective in recovering ductility if there is no

surface barrier such as plating.

S.5 TEGHNICAL DISCUSSION

The testing that has been done to date concerning hydrogen environment. em-
brittlerent has included many different alloys and metals. tHowever, tha
various conditions under which these tests have taken place have been guite
limited. The most significant testing has been done at roum temperature ard
at 10,000 psi pressure. Ideally, a classification of materials as to degree
of embrittlement would iaclude varicus temperature and pressure ranges. How-
ever, this data is not available except for a few alioys. Few have teen
tested at pressures other than 10,000 psi and most of these at room terperature.
It can be safely assumed that any material subjected to a lower pressure and/
or temperature would be erbrittled to a lesser degree than at the highex
pressure and/or temperature. However, in the extreme ermbrittlement category,
it cannot be predicted how much change in pressure and/or terperature it
would take to significantly reduce the degree of embrittlement.

Stregs level is an irvortant parameter in predicting the degree of embrittie-
ment in a metal. There is same indicction that stress levels below the
yield point of a material are very unlikely to be associated with embrittle-
ment type failures.,

Hydrogen ambrittlement should not occur if one can truly design so that
there is no material yielding and the design is ba<ed on the yield strength
rather than on the ultimate strength of the material.

5.6 CONCLUSIONS

Generally based on the facts above it is concluded that pressure transducer
materials are not considered a prcblem fram hydrogen embrittlement suscepti-
bility. The basis for this conclusion is that the dizphragm which is the
st vulnerable comperent is designed for stress levels well belcw the vield
peint of the metal to cbtain optimum performance with respect to lmeantv
and repeatability. In addition, liquid hydroger systems associated with
space vehicles usually operate at 100 psia or less, thus are well below the
high pressure levels known to contribute to the SuSCE:ptlbll.A.y problem.
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Operaticnal terperatures are also in the liquid hydroaen range, thus are
favorable from the emorittlement standpoint.

In view of the gererasl trend tc conduct tests at hicher temperature ard
pressure values and hecause of the lack of ~unclusive data avariatle on the
subject, it i3 recamwended tiat the final determinaticn regarding the safe
applicaticn of a specific material be based on test resul:is.

6.0 THE EFFECT OF CLOSE COUPLLD VERSUS FEMOTE TRANSDUCER INSTALIATION
Qv PRESSUFE MEASUREMNZNTS

The need to make a measurement in an adverse envircrrent often leads to the
decisicn to plurb to the sensing transducer. In this way the transducer can
be protected from the hestile environment Ly installing it in & terperature
ocontrolled area. There are penalties, however, for such a coonramise. In
the case of measuring a gaseous pressure, frequency data as.a onction of
line length, is lost. In a gas-iiquid interface at cryocenic lemeerature,
it can result in phase, frequency and arplitude distortion. A total dis-
tortion of the actual pressure sigrature is shown in Figure 6.0-1.

p—<— 24 INCH PLUMBED MEAS,

i

TIME(ENG. NO.5 SHUT DOWN)
Figure 6.0-1 S-II Flight No. 7

AMPLITUDE PERCENTAGE

In a gas measuring system only, the instalilation of a tube and transducer can
be classified intc two types, the "organ" pipe {3€] and the Helmholtz
rescnator [35). The former oonsists of a simple tube with minor variations
in diameter, one end of which is open while the other is attached to a trans-
ducer cavity. The relative volume of the tube 1s large campared with that of
the transducer cavity. 7he latter variation, the Helmholrz resonator, has a
small tube volume conpared to a relatively large cavity wolure.
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let us assure a transducer cavity volum» which is small relative ¥o the line
length that connects it to the transducer. The fundamental (fd) or orgen
pipe fonmmula is equal to C/4L, the velocity of sound (C) divided by four times
the length (41). 1If the media being measured is Helium gas and the ture
length is 5-1/4 inches, then:

fd « C/4L
where C =15, 000 /V 4 d = density at 70 F

and fd = 15,000 /4L \/d = 15,000 / 4(5.25) . 407 = 1750 Hz.

If we had used a 52.5 inch line, this value would drop to 175 Hz. The
Helmholtz formula would apcly where the volume of the connecting line was
small relative to the transducers pressure cavity. 2gain, using Felium gas
at 70 F we get a fundamental frequency (fd) as follows:

(Helmhaitz) fd=C where 2r = line diameter and r = .079

r
=TT e

2 Ly
Lt=1,7r + L =.134 45,25 = 5,384 inch C=15,000/ yd

Yd~  for Helium at 70.F =.407 C = 36, 800 infsec, V = volume cavity

So: fd = 36,800/6.28 \3.14 (.079)% /5. 384(, 091)

and fd = 1072 Hz, -

Therefore, if we know the measuring systems dimensions, the temperature and
the gas media freguency capab. .ity can be established. This is applicable
to a gas measuring system only.

It becomes impossible 0 measure .. output characteristics of a bi-phase
cryocgenic measurement in which hig turbulent flow exists when the sensor
(transducer} is plumbed from the point of interest. »Ps little as two inches
of /4 inch line can leal to 2 distorted pressure sigral output in both wave
slvpe and frequency. The key term in asscciatien between information dis-
torticn and the we of a H>lumbed transducer is turtulerce. Parid gressure
changes or surges which produce pulsations in the entirs system. If no
surgina exists, phase and frequency information appear to be transferrarle
over long line lengths, hovever, amplitude informaticn is guesticnable be-
cause in use only the output data is available.

There are two events that occur during turbulent flow as a result of pluting
a measurement. Turbulence torces the cryocenic liguid down the 1/4 inch line

where it proceeds to oxmpress the gas media in the system. However, as the
liquid under surge moves down the line, it expands due ‘o the chare in
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terperature gradient along the lines length. Both the resulting chance in
momentum of the mass of liguid in motion and the volume change produce the
overall distortion of the cutput,

In a series of tests run in supcort of the general Satwrn Program, it was
established tha* <ome of this diciortion due to terperature araiient turbulence
and line length was present even in l.nes as short as 2 inches. 2 four

qallon stainless steel tank was fabricated with five standard 1’4 inch bosses
ard twe special bosses leocated at the bottom and just above the bottom of the
tank. &2 total of ten pressure transducers, all ¢f the sare tyre and approxi-
mate range (0-50, €5 and 75 psig), were used. Two of the transducers were
flush rounted to the special bosses while the five 1/4 inch lines had a

total of six transducers plurbed to tnem in varying lengths and configurations.
Two measurenents were rade at the top or input portion cf the tank:; was put

on the recorder tape while the other read out real timb. fThe correlaticn
between the two flush mounted units measuring the crycgenic iiguid directly
and the ullage gas measurement compared very well with only minor distortions.
Those measurerents plumbed to the test tank showed a distorted and general
erratic output proporticnal to line length and dynaric pressure input with

the 2 inch plumbed transcucer the least effected as shown in Figure 6.0-2.

PHASE

- ULLAGE GAS

i . HM
. s FLUS OI‘JNT ED

! e g 2 INCH LINE
/wf\/ WAV AUE X
MM§ 46 INCH LINE

- e e e e a—————

0 ‘ 5 10 15
TIME(SEC.)

AMPLITUDE PERCENTAGE

Figqure 6.0-2 lab Test Data

n the Catwn S-I11 Program, there were two measurements that araphically showed
the line length bi-phase effect. One measurement was a nigh acturacy pressurs
transducer which contained an internally mounted proportioral heater. It

was located on a 1/4 inch stainless stezel line 42 inches from a boss cn the

10X pump inlet and was maintained at a relatively constant internal terperature.

-134 - SD72-SA-0156~1



63 3 Space Division
AT Neah Among in Rookwell

Lacated on the same plane, 90 degrees from the measuremeats plumbed line,

was another boss into which was directly izms.alled a small light weignt
transcéucer. Mo line was invelved as the 1/4 inch fittirng cn the transduce -
was screwed into and sealed against the bess., The transducer used for this
reasurement was light (4 oz.) and capable structurallv of being rounted in

a cantilever posicicn. The oriainal cdbiect of the plurbed measurerent was

to provide high accuracy steady state informaticr which 1t did, however, 2s

a result of the need to investigate the undammed oscillaticn phenamena noted
in flight, it became apparent that another measurement was nocessary in order
that more information on frequency data could be cbtained.

From the time of the «ddition of this new measurerent, comrencing wit’s the
S-11 nunber seven wehicle, it became cbvious that during transient pericds,
the twn respective measurements did ncot read the same. »Although the kasic
de level seemed to remain the same, the pesturbations or ac level changes
were distorted on the plumied transducer's output. Figure 6.0-3 shcws a
segrent of data at two different times in the Satum nurber seven flight.

fa}

2 CLOSE-COUPLED \

g \/\/\/Vvé\/\

z

O]

O

‘ -

1]

a

=

g 46 INCH LINE

5 AN

»d

Qe

2

< ,
STEADY STATE TRANSIENT

TIME

Figure 6.0-3 S-II-7 Flight Data

During the flight of the Satwrn nurber eight, there was an emergency shut-
down of engine MNo. 5. 2n undamped oscillation of increasing amplitude built
wp rapidly ( €5 sec.) until the engine turbo-purp cavitated and the pressure
switches dropped ocut. This sudden shutdown produced a large surge of LOX
down the 1/4 inch line of the 42 inch plurbed measurement. The results of
this surge produced an cutput of the long lirod measurement which lagged in
cutrut, shifted in phase, differed in frequency and was different in ampli-
eude (less) than the rlose coupled transduder. Prior to the emergency
shutdown, there was clcse correlation in frequency but not amplitude nor phase
between the two measurements. (Figure 6.0-4).
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This is an actual exzmple of flight data verifying the laboratory test
inforration,

b= TIME LAG -~

42 INCH LINE
/vv(g\/v\ /
“V\ .
i TR{ANSDUCER FEGGED

§ CLOSE « COUPLED —am AND FAILED)

W,——v—-os

AMPLITUDE PERCENTACE

329 SEC, 330 SEC.
Figure 6.0-4 S-II~8 Flight Data

In making a liquid cryogenic bi-phase pressure measurement, there is no
alternative to using a flush mounted transcducer. Data dbtained by using a
plurbed transducer is not always valid. &All that is needed is turbulence or
line surging to corpletely distort all data informaticn. At certain relatively
quiet times, the data may appear believable, .

The installation of a flush mounted measurement can also be achieved with
relative ease if sufficient design planning is made prior to its implementation.
The close coupled measurement was quite successful even though it was a
mdification using an existing installation. Had a boss been initially
designed for it and a program of development been initiated as well as data
handling technigques applied to it, both dc and ac data of high accuracy could
have been provided.

7.0 TEGINIQUES IN TEMPERATURE COMPENSATION CF STRAIN GAGE PRESSURE
TRENSDUCERS
Temperature carpensation as applicable to strain gage pressure transducers

wsually means the classic use of compensating resistors and thermistors in
the bridge circuitry of the strain gages. This report discusses this classic
technique but in addition discusses additicnal provisions utilized on the
Saturn 5-11 Program for compensation cf a cryogenic pressure measurenent
transducer.
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Strain gage pressure transducers exhibit an agparent pressure reading vhen
subjected %o temperature environments different than the temperature con-
diticns under which the insfnment was calibrated. This acparent pressure
reading 1s .a source of error which mist be corrected where accuracy of the
measuwrement is desired, In strain gage transducers temcerature sensitivity
is exhicited from two principle scuzces. The first is an error resulring
from any transducer influence which alters the balance of the full kridce.
This error source usually results from dimensional chances in structurai
rembers and resistivity changes in the strain gage elements. The seccrd
source results from a Young's Modulus coefficient in sprirg elements of tie
transducer. These include the diaphragm or other force summing rester and
sprirgs and kending beams associated with the transducers constxructicn.

Normally manufacturers erploy both mechanical and electrical mears for com
pensating these error sources. .Mechanical desiqns usually consist of
selecting transducer materials for canpatible evpansivity coefficients of
critical sensor remcers. Cther nore ccrplicated schermes invelve mechanical
capensaticn technigues such as in the use of bi netals in ccunteracting
dirensional changes. Electrical compensartion tedhniques involve the use of
terperature sensitive resisters and thermistors in the bridge circuitry. In
the case of zero shifts, resistors with positive temperature coefricients are
irstalled into one or more of the bridge amms to compensate for the kridce
wbalance which takes place with temperature charges. The sensitivity shift
is carpensated by adding thermistors to the input.

In order to best illustrate the above application the following example which
occurred on the Saturn S-IT program is presented. 2 pressure reasurenent
rade at a point on the feedline just above th= LCX purp inlet of the Xo. 1
and 5, J-2 rocket engine required that ohase, fregquency and amlitude infor-
mation at this point of installation be individually identified. 7The general
installation and data requirements uresented a worst case environmental
situation in which the cryogenic fluid was floweng, at a high rate with
turbulence. No installation method was available other than a 1/4 inch boss
located on the ILOX feed line so a small, light weight transducer was mounted
in a cantilever position off the 1/4 inch boss. 1In this way the transducer.
diaphragm could be placed less than 2 inches from the flowing redia and most
of the frequency, phase and amplitude information could be measured. The two
primary error sources in such an installation are: (1) torque sensitivity

and (2) output shift due to temperature gradient scross the transducer. - |
Despite the careful use of the same torque value, within + 5 inch pounds, for
the calibration procedure and in the mstallatlons, errors due to torcque ran
-0.8 to ~5.5% of full scale output. The temperature change due to tarperature
gradient across the trensducer's length of 2 inches amounted to as much as

200 F, resulting in an error of +5 to +7% of full scale. The cupengaticn for
tenperature in the case of this type transducers had been based on a censtant
rerperature of =320 F and the conpensation resistor network was so desdaned.
1he use here did not coincide with the calibration data. Corpensation in
this case consisted of knowing the installation parameters, referencing other
measurements and previous system test data and finally, by using this data,

to bias the cutput data during its reduction. Prior to actual use of the
transducer, a series of data points were available as a result of varicus stage
checkouts. Some were a single point check as in an arbient check with no

. l.
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cryogenic in the tanks or in a pre-determined pressurizaticn ceck. From
this information, offset and torgue sensitivity data was obtained and
suitable corrections made tc the calibration curve. Certain syuters check-
outs may provide additional sloce change data wnich can be obtained from
other systems such as a static type pressure measurenent at or nesr the same
locaticn of the dynamic transducer installation. [ a pressurization check-~
g:t of the tank is wade the ullage data muv be checked against the LOX pump
ta.

The previous problems illustrated some of the questicns and solutions to a
measurerent not really planned for but e that was added as the results of
the need to resolve a d/mamic probiem.

Starting with a similar requirement need to investigate, the frllowing voints,
the (1) transducer design, {(2) installation restraints, (2) calibration
requirerents and {4) the use of corrensation resistors or thermistors. If
instead of a 1/4 inch bess we had a 7/8 inch boss, a siort fiush disghragmed
pressure transducer could have been used. Since the transducer would have
been close to being corpletely inserted into its boss rmost of the temperatuwre
gradient problem would have been sclved and only toroue would have becon an
error. Ideally, a pre-determired boss installation would cormplefely accent a
small flush mounted transducer. The transducer would have irs resisror oom—
pensation network located phiysically as clecse as possible to the rtransducer
diaphragm and its construction would be such that ne strain would occur under
torque. Two curves, one at ambient and cne at -320 F cculd be taxen in a
simulated installaticn setup. The resulting errcr after all these con-
siderations would probably be less than + 1%.

Finally, temperature corpensation in strain gage and strain gage wransducer
work is first concemmned with "zero stability”, the error produced by variaticn
of ambient temperatures. Apart from this error there may be a temperature
error in sensitivity (the slope of the calibration curve) which is mainly due
to a thermal change of Young's modulus of the strained structure., This error
may be important in strain-gage transducers employing springs, where it can
be carpensated by insertion of temperature-sensitive resistance in either
side of the supply line to the transducer. The more difficult of tre two is
campensating for zero-instabilities. In order to eliminate the resistance
variations at variable ambient terperatures of a piece of appavatus of
resistance R, a conpensation resistance in series, PCS' or in parallel, Pu,,
can be employed. »

let t be the ambient tenperature,

— =y

Rcs +&¢ : {
Rep | l R
@ 1737 () Lo-d
! ! {R, &
Lyl
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at the apparatus and at the compensation resistance while t_ is the reference
terperature, normally +68 F. In the series circuit of Figule (a) thre
resistance increase (R & (t-t )) of the apparatus can be compensated by a
resistance P‘C.S with a negative; i.e., cpposing, temrerature coefficients, - e=.

R (t-:o] = Reg ‘tc(c-to) (1
or
Res= o | ‘ (2a)
. ic ¢ ‘
The parallel circuit (Figure b) yields for « (t—to) &1
% - {2b)
="

The total resistance at roam temperature are thus:

Series circuit: Rl + ¢ ) "{3a)
«<C

. . R
Parallel circuit: : . 3b,
FT.——;— {3b)

<~ ‘

It is seen that in both cases, the ratic ©C/C should be as small as
posgible to avoid undesirable deviation from the nominal apparatus resistance
R. This will be achieved by compensating resistances with negative temper-
ature ccefficients &L e as large as possible. Only certain semi-conductive
materials (thermistors) conform Lo this requirement. They are strongly non-
linear with temperature and are thus applicable cnly over limited temper
ature ranges. In practical cirouits compensating resistance with small
positive or negligible termperature coefficients are often preferred, in spite
of their theoretical inefficiency, because of their linearity cver a wide
temperature range. In this case,.full corpensation cannot be achieved but
with the appropriate choice of the resistance ratio R /R, the fractional error
at a temperature t can be reduced to any desired valus, e. The series circuit
{Figqure a) yields -

e g R oL + Rese (t-10)

R+ Res (4)
or Rgs)c((t-to) -e
R e - O (t-tg) (4a}
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No cumpensaticn 18 required when &- (t-to) £ e. For larger values of

&~ {t-to), the necessary minimum series resistance R.. is cbtained From
eruation (4a). (At negative values of o~ and e =0, eguaticn (4a) tums
into eguation (2a)). If the terperature coefficient of of the copensating
registance is negligible, equation {4a) beoxes: < . '

. RCS Oc(t‘t ) - .e [
Res yoclitg) e (52

Similarly in the parallel circuit of Figure (b) we have:

R ¢ k -%%c (t-to]] [ #0tt-tg)] (4b)
E X [oclt-ta} - T +&C lt-to

which, for small resistance changes, simplifies to:

Rep ¢ ¢ -oXe {t-to)
R N lt-ty) - e (4c)

Corpensation is not required for oC{t~to) £ e. At large temerature varia-
tions the maximum value of R.. can be cbtained from eguations (4b) cor (4c).
(With necative values of oc and e = 0, equation (4c) becores eguatian
(Zb). If the terrperature coefficient 95C of the compensating resistance is
negligible equaticn (4¢) bacures:

Toigf- e , - (5b)

In conclusion the cptimum acvuracy for a strain gage pressure transducer
measurement can be achieved if all the above noted techniques are applied.

The corplete oompensation of the measurement must start with the understanding
of the design requirerent and carry through the final calibraticn update just
prior to use. In between the design and the final calibration, the sensor
construction must be coorxdinated with the installation reguirement, carpensated |
for temperature changes by using resistors or thermistors and initially cali-
brated. If all of the above are adhered to a naminal 51 of full scale trans-
ducer can be made to give an output close to 1% of reality.
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